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FOREWORD 


It was not until the eighteenth century that the subject of this book, the pollination 
services of bees, began to be understood and valued. Nevertheless, the association 
between man and bees has been long and close, and dates from at least 2400 bc. 
Beekeeping with the Western honey bee, Apis mellifera, was a well-developed craft in 
ancient Egypt during the fifth dynasty of the Old Kingdom. When Christopher Columbus 
and his companions landed in Cuba in 1492, the local inhabitants greeted them with 
gifts of honey from a local native stingless honey bee, Melipona beecheii, which was, and 
still is, managed in log hives by native peoples in the neotropics. 

Man's close association with bees led to a remarkable cultural convergence between 
two of the great dynastic cultures: in ancient Egypt, the hieroglyph of a honey bee was a 
symbol of royalty, and for the Mayans of Central America a pictograph of a stingless bee 
was a symbol of kingship. 

It is easy to see why this should be. On both sides of the Atlantic Ocean, honey and 
hive products such as wax and propolis from social bees were and are important com¬ 
modities in human commerce, both as food and a source of cosmetic and medicinal 
substances. Together with fermented honey drinks, these honey bee and stingless 
bee products had immediate and obvious value and made it inevitable that apiculture 
would evolve into a respected craft that would often be accorded religious and magical 
status. 

We can surmise, however, that an unwitting relationship with bees dates back even 
further. When our immediate ancestors embarked on the evolutionary path to bipedal- 
ism and a hunter-gatherer lifestyle, they could do so because of a savannah biotope with 
structural and floral features resulting from the coevolved interactions between those 
keystone mutualists extraordinaire, bees and flowering plants. 
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Now we are mostly not hunter-gatherers and we have produced new habitats, the 
agroecosystems, where intensive agriculture has resulted in crop yields undreamed of a 
couple of generations ago. In so doing, we have not emancipated ourselves from depen¬ 
dency on bees: we rely on them to pollinate 63 of the 82 (77%) most valuable crops. 
Worldwide, bees pollinate more than 400 crop species and in the United States more 
than 130 crop species. 

This is not without some irony. While we still depend mightily on the pollination 
services of bees, we have devastated natural floras and insect faunas in creating vast, 
structurally uniform monocultures that are far from bee-friendly. Hence, the next stage 
in the evolution of man’s close relationship with bees: the migratory beekeeper. In the 
ecological disaster zone known as California’s Central Valley, vast numbers of honey 
bee colonies from as far away as Texas and Florida are trucked in each year for the pol¬ 
lination of almonds. In 1994 this involved the rental of 1.4 million honey bee colonies. 
By 2012, it is estimated that 2 million colonies will be needed for the ever-expanding 
acreage devoted to almonds alone. At the time of this writing, there are about 2.9 mil¬ 
lion honey bee colonies in North America, of which 2-2.5 million are rented out for 
pollinating 13 crops. 

The arithmetic of future needs, therefore, doesn't quite add up. This, together with 
the fact that honey bees are under growing pressure from parasites, disease, and colony 
collapse disorder, has understandably led to the search for additional native bee species 
as alternatives to honey bees as managed pollinators. 

It is to the wildlands and their floras that we must look for new pollinator species, 
and this is happening. However, we must conserve these reservoirs, many of which are 
under pressure from urban sprawl and agriculture. To do this, we need to develop a 
greater understanding at the community level of the dynamic network of relationships 
between bees and flowering plants. This is not simply for the economic benefits of poten¬ 
tial pollinators: we also accord aesthetic and recreational value to our wildlands. 

Research on the nesting biology and management of native, solitary bees for spe¬ 
cific crops is now a growing field. Moreover, we can enhance our use of the pollina¬ 
tion services of these bees by attempting to overcome corporate agriculture’s horror 
at the prospect of stands of native flora as supplementary forage in the vicinity of their 
crops. 

Biosecurity can be regarded as a recurrent theme in this book, whether it is con¬ 
cern about pollen transfer from genetically modified crops to related weed species, medi¬ 
ated by the foraging movements of bees, or the unforeseen and detrimental interactions 
between invasive plants and native bee faunas. Unforeseen and adverse ecological effects 
also occur when bee species and/or subspecies are moved outside of their natural ranges. 
The best known example of this is the problem of “Africanized" honey bees, when bees 
from sub-Saharan Africa were introduced into Brazil, crossed with European honey 
bees (also nonnative), resulting in a multiplicity of well-known problems. Problems also 
have occurred with the commercial management of bumble bees for greenhouse crops, 
where subspecies of Bombus terrestris have been introduced outside of their natural 
range, and now cases in England and Israel document the escape and establishment of 
populations into the wild, with adverse effects on local bee faunas. 
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The above issues are outlined and discussed in this book. These are pressing matters, 
and this volume is therefore timely, not least because its contributors are leading current 
thinkers and researchers in the field. Collectively, the subjects they address indicate the 
broad front of future research that is necessary if we are to consolidate our relationship 
with bees and their sustainable exploitation and management. 

The agenda is therefore set, and we will succeed. We have to. Otherwise, under “any 
other business,” ecologically-minded people of my generation might well ask, "How will 
my grandchildren cope with the food riots?” 


Christopher O'Toole 
Sileby, Leicestershire 
England 

Honorary Research Associate, 
Hope Entomological Collections 
Oxford University Museum of Natural History; 
Science Director Almond Pollination Company 



This page intentionally left blank 



ACKNOWLEDGMENTS 


We extend our gratitude to the publisher, fellow scientists, and industry customers 
for their encouragement in the production of this book. We deeply appreciate the dili¬ 
gence, cooperation, and patience of all of the authors who did a fabulous and timely 
job of writing and revising their chapters. Moreover, we thank the chapter reviewers 
for their sincere and helpful comments, criticisms, suggestions, and edits. Our efforts 
were expedited by assistance from Agriculture Research Service technicians Ellen 
Klinger and Ellen Klomps and administrative assistant Amber Whittaker in ensuring 
the uniformity and organization of the book. We also appreciate the diligence of our 
research assistants, who made it possible for our research projects to continue, even as 
we executed the production of this book. Finally, we thank our spouses for their loving 
support. 


ix 



This page intentionally left blank 



CONTENTS 


Forword v 
Christopher O'Toole 

Contributors xiii 

Part 1: Bee-Provided Delivery Services 

Chapter 1 Bees in Nature and on the Farm 3 

Theresa L. Pitts-Singer and Rosalind R. James 

Chapter 2 Crop Pollination Services From Wild Bees 10 
Claire Kremen 

Chapter 3 Crop Pollination in Greenhouses 27 

Jose M. Guerra-Sanz 

Chapter 4 Pollinating Bees Crucial to Farming Wildflower Seed for U.S. 
Habitat Restoration 48 

James H. Cane 

Chapter 5 Honey Bees, Bumble Bees, and Biocontrol: New Alliances 
Between Old Friends 65 

Peter G. Kevan, Jean-Pierre Kapongo, Mohammad Al-mazra'awi. 
and Les Shipp 


XI 



xii Contents 


Chapter 6 


Chapter 7 


Chapter 8 


Chapter 9 


Chapter 10 


Chapter 11 


Chapter 12 


Chapter 13 


Part 2: Managing Solitary Bees 

Life Cycle Ecophysiology of Osmia Mason Bees Used as Crop 
Pollinators 8 3 

Jordi Bosch, Fabio Sgolastra, and William P. Kemp 

Past and Present Management of Alfalfa Bees 105 
Theresa L. Pitts-Singer 

The Problem of Disease When Domesticating Bees 124 
Rosalind R. James 


Part 3: Environmental Risks Associated With Bees 

Environmental Impact of Exotic Bees Introduced for Crop 
Pollination 145 
Carlos H. Vergara 

Invasive Exotic Plant-Bee Interactions 166 

Karen Goodell 

Estimating the Potential for Bee-Mediated Gene Flow in 
Genetically Modified Crops 184 
James E. Cresswell 

Genetically Modified Crops: Effects on Bees and Pollination 
Lora A. Morandin 

The Future of Agricultural Pollination 219 

Rosalind R. James and Theresa L. Pitts-Singer 


203 


Index 223 



CONTRIBUTORS 


Mohammad Al-mazra’awi, Department of Environmental Biology, University of 
Guelph, Ontario, Canada 

Jordi Bosch, Ecologia-Centre de Recerca Ecologica i Aplicacions Forestals (CREAF), 
Universitat Autonoma de Barcelona, Bellaterra, Spain 
James H. Cane, U.S. Department of Agriculture-Agricultural Research Service (USDA- 
ARS) Pollinating Insects Biology, Management, and Systematics Research Unit, 
Logan, Utah 

James E. Cresswell, School of Biosciences, University of Exeter, UK 
Karen Goodell, Evolution, Ecology, and Organismal Biology, Ohio State University, 
Newark, Ohio 

Jose M. Guerra-Sanz, Centro de Investigacion y Formacion Agricola (CIFA) La 
Mojonera, Instituto Andaluz de Investigacion y Formacion Agraria, Pesquera, 
Alimentaria y de la Produccion Ecologica (IFAPA), La Mojonera, Almeria, Spain 
Rosalind R. James, U.S. Department of Agriculture-Agricultural Research Service 
(USDA-ARS) Pollinating Insects Biology, Management, and Systematics Research 
Unit, Logan, Utah 

Jean-Pierre Kapongo, Greenhouse and Processing Crops Research Centre, Agriculture 
and Agri-Food Canada, Harrow, Ontario, Canada 
William P. Kemp, U.S. Department of Agriculture-Agricultural Research Service 
(USDA-ARS) Red River Valley Agricultural Research Center, Fargo, North 
Dakota 



xiv Contributors 


Peter G. Kevan, Department of Environmental Biology, Universityof Guelph. Ontario, 

Canada 

Claire Krernen, Department of Environmental Science Policy and Management, 
University of California, Berkeley 

Lora A. Morandin, Department of Environmental Policy and Management, University 
of California, Berkeley 

Theresa L. Pitts-Singer, IJ.S. Department of Agriculture-Agricultural Research 
Service (USDA-ARS) Pollinating Insects Biology, Management, and Systematics 
Research Unit, Logan, Utah 

Fabio Sgolastra, Dipartimento di Scienze e Tecnologie Agroambientali, Area 
Entomologia, Universita di Bologna, Italy 

Les Shipp, Greenhouse and Processing Crops Research Centre, Agriculture and Agri- 
Food Canada, Harrow, Ontario, Canada 

Carlos H. Vergara, Departamento de Ciencias Ouimico-Biologicas, Universidad de las 
Americas-Puebla, Cholula, Puebla, Mexico 



Part 1 

Bee-Provided Delivery Services 



This page intentionally left blank 



1 


Bees in Nature and on the Farm 

Theresa L. Pitts-Singer and Rosalind R. James 


Introduction 

When we say that we work at “the Bee Lab," most people automatically imagine us decked 
out in bee suits, standing next to box-shaped hives, and holding our breaths amidst 
a barrage of honey bees. Although our research facility is one of five U.S. Department 
of Agriculture’s Agricultural Research Service laboratories that are dedicated to bee 
research, our focus is unique in its emphasis on non-honey bees that are important or 
potential pollinators. The other four U.S. bee research facilities focus on honey bees, 
examining various aspects of honey bee biology, pest control, management, and pol¬ 
lination. As we have grown in our understanding of the importance of a variety of bees 
as pollinators in agricultural systems, we have been inspired to compile this book. 

This book illustrates the importance of both managed and wild bees in agricultural 
ecosystems. For much of agriculture, the vital role that pollinators play in successful 
crop or seed production is clear and direct. Commercially managed bees are available 
for pollination services and are used in large commercial fields, small gardens, or enclo¬ 
sures such as greenhouses and screen houses. Although the general public gives honey 
bees much of the pollination credit, managed bumble bees and solitary bees also have 
made a great impact on certain commodities, and wild bees provide free pollination ser¬ 
vices that often go unnoticed. However, all of these bees are valuable and significant in 
their liberal passing of pollen from one plant to the next. With the recent concern over 
the unexplained loss of honey bee colonies, referred to as colony collapse disorder, it 
seems ever more important to highlight some of the other bees that could be managed 
for crop pollination. 
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Just how important are wild and managed bees in the agricultural ecosystem for the 
successful production of seeds, fruits, and vegetables? What is the contribution of bees to 
maximizing crop production and what is the effect of human manipulation and control 
on both the bees and the plants they visit? Do we know how to use managed bees in 
the most effective, sustainable, and profitable manner? Are novel uses of managed bees 
awaiting discovery or implementation? What is the interplay of wild and managed bee 
populations in natural and commercial settings? Revealing answers to such questions 
and posing new questions in light of these answers are goals of this book. 

Crop pollination by bees and other insects in temperate and tropical agricultural sys¬ 
tems has been reviewed extensively in several informative books. These books often are 
organized according to crop type or plant family or according to pollinator species and 
their use for seed or fruit production. However, these books do not present a comprehen¬ 
sive look at the ecology of bees in agricultural systems. Certain environmental factors 
have a substantial impact on bee pollination ability and survival rates; conversely, the 
bees can affect the ecosystem through their foraging activity, their interactions with 
plants and other pollinators, and their invasiveness in novel localities. We invited bee 
researchers and pollination biologists with various areas of expertise to highlight eco¬ 
system-level approaches to and conceptions of the study of bees in agriculture. Some 
authors highlight the overall efficiency and effect of managed and wild bee activity in 
fields and greenhouses or the novel use of bees for nonpollination functions such as the 
spread of microbial pest control agents. Other authors address the details and difficulties 
of managing solitary bees for alfalfa seed and tree fruit production, as well as the devel¬ 
opment of new pollinators for nonfood seed crops. Considering environmental risks, the 
final chapters are dedicated to an ecological awareness of bees beyond crop production, 
such as the impact of exotic bee introductions on other pollinators and plants, the inter¬ 
actions of bees with invasive plant species, and how bees mediate gene flow within and 
outside of fields of hybrid or genetically engineered crops. 

We intentionally have omitted some topics related to bees in agricultural systems. 
We decided not to include a chapter dedicated to honey bees because honey bee man¬ 
agement is covered thoroughly in many other publications. Instead, we cover honey 
bees as they relate to the various topics of discussion throughout the book. We also 
do not include much discussion of the stingless bees in the tropics, mainly because 
these bees are primarily utilized for a very small, specialized honey market and it is 
still unclear whether attempts will be made to use them on a broader agricultural 
scale. Exactly how these bees will be used and the extent of their use has not yet been 
demonstrated. 


Definition of a Bee 


What exactly is a bee, and why are bees so important for pollination? Bee pollination is 
best understood if one can first distinguish bees from each other and from other related 
insects and if we know their evolutionary and natural history. Bees, wasps, and ants 
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are in the insect order Hymenoptera. Genetically, the sex of all hymenopteran insects 
is determined through the mechanism of haplodiploidy. For the bees, this means that 
males have only one set of chromosomes (i.e., are haploid) and females have a pair of 
chromosomes (i.e., are diploid). This can occur because male bees are produced from 
unfertilized eggs and females develop from fertilized eggs. An egg-laying female can 
control which eggs get fertilized and which do not, and in this way, she is able to con¬ 
trol the sex ratio of her offspring. The sex ratio of the pollinator population is impor¬ 
tant because female bees pollinate many more plants than males do. The main purpose 
of females visiting plants is to collect enough pollen and nectar to feed their young. 
Males, on the other hand, need to visit only enough plants to feed themselves (they 
visit no flowers if they are fed by the females, as occurs with honey bee and bumble bee 
drones). 

Bees and sphecid wasps belong to the superfamily Apoidea. The bees (called Apiformes) 
can be distinguished from the wasps by the presence of erect, plumose hair on their 
faces (Michener, 2000). Bees are very diverse and abundant, with more than 16,000 
species worldwide (Michener, 2000). Yet the true number of bee species is basically 
unknown, because not all have been given a name, and some have yet to be recognized 
or discovered. Different sources give different answers about the exact diversity of bees, 
and the variation in answers depends on what species were known at the time of the 
publication and how the bees were classified. For example, for the region of North and 
Central America, one finds reports of between 77 and 165 bee genera, represented by 
between 2,600 and 4,900 species (e.g., Krombein et al„ 1979; Michener et al., 1994; 
Michener, 2000). 

Unlike the predaceous wasps, bees are pollen collectors (with the exception of the 
highly derived stingless bees, Trigona spp., that eat carrion). Bees probably came into 
existence around 120 million years ago during the mid-Cretaceous, prior to the radia¬ 
tion of angiosperms (Grimaldi & Engel, 2005). Because most modern bees are dependent 
on the products of angiosperm flowers—including pollen, nectar, and oils—the evolu¬ 
tionary overlap of bees and angiosperms is not surprising. The coevolution of bees and 
flowers has resulted in special morphological adaptations for both insects and plants, 
and the need of some plants for pollination by bees is absolute. 

Over evolutionary time, some bees developed preferential relationships with only 
one or a few plants (oligolecty), but others maintained a more general preference for 
a wide range of flowering plants (polylecty). And conversely, for some plants, only one 
or a few bees are able to provide pollination with the proper behavior or morphology, 
and these bees are often attracted to the plant by its unique fragrance or appearance 
(Barth. 1991; Proctor et al., 1996). In at least one case, a plant, the death camus, pro¬ 
duces a toxin to protect itself from herbivores, and few bee species are uniquely adapted 
to ingest and thrive on the plant’s toxic pollen (e.g., Tepedino, 2003). But pollen is not 
the only plant product affected by coevolution. Nectar is located in specialized flower 
parts called nectaries, and sometimes the morphology of the flower creates exclusive 
access to this resource by requiring an insect to exhibit a particular behavior or to have 
appropriate morphology (e.g., bee tongue length or body size; Barth, 1991; Free, 1993; 
Proctor et al. 1996). 
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Bees have also evolved a variety of social systems. The bees commonly used for pollina¬ 
tion fall into the categories of highly eusocial, primitively eusocial. and solitary. Eusocial 
insects include all ants, some wasps and bees, and termites. Eusocial hymenoptera are 
defined by three criteria: (1) only one or a few females in a colony reproduce: (2) the col¬ 
ony consists of individuals from overlapping generations, including one or more queens 
plus her daughters and sons; and (3) brood care is cooperative within the colony. No 
single theory alone suffices to explain how eusociality evolved or how it is maintained. 
It has been theorized that altruistic, cooperative behavior can be explained by a close 
relatedness among cooperating individuals, but such a theory does not fully explain 
the social complexity of insects that live in colonies, because not all social insect societ¬ 
ies are composed of close relatives. Reproduction and cooperation in the colony is usu¬ 
ally controlled by the queen. For the highly eusocial honey bees, the queen maintains 
reproductive dominance over the workers by producing a chemical compound called 
queen pheromone. In the primitively eusocial bumble bees, queen pheromonal control 
is not well developed, and aggressive behavior toward other egg layers is the prevailing 
enforcement strategy (Michener, 1974). 

In honey bees, the female queen and workers are strikingly different in behavior, phys¬ 
iology, and morphology. The queen honey bee would die if left without workers because 
she is designed only for mating and reproducing, not for foraging and brood care. Honey 
bee colonies also are long-lived and store food for colony members to use during times 
of dearth or inclement weather and during the winter. Primitively eusocial bumble bee 
queens are structurally equivalent to workers but are larger in size. Unlike honey bees, 
bumble bee queens live alone at the beginning of the colony cycle, foraging and taking 
care of the brood until the first workers emerge. Bumble bees store small amounts of 
honey and pollen for adults and brood, but the colony is usually short-lived and does not 
persist through the winter (Michener, 1974; Heinrich, 1979). Only the new generation of 
reproductive females, already mated, hibernates over the winter period. However, colo¬ 
nies of the European bumble bee Bombus terrestris have persisted throughout the recently 
milder winter months in England and New Zealand, which may demonstrate phenologi- 
cal plasticity in this bee species (Goulson, 2003). Other primitively eusocial bees include 
many sweat bees (Halictinae) and carpenter bees (Xylocopinae; Michener, 1974). 

In many respects, each female solitary bee is both a “queen" and a “worker” at the 
same time. Solitary bees do not form colonies and have no social colony structure. 
A solitary female constructs her own nest and then provides food for each of her brood 
in the form of a mass of pollen and nectar. After this, she usually dies or departs without 
further care to her young and before her offspring complete their development. As a 
result, there is no chance for cooperation between mothers and daughters. The adult 
life of these bees is short, spanning only a matter of weeks. Solitary bees may nest alone, 
or they may nest in aggregations. Commonly, nest aggregations occur among bees that 
nest in the soil, but some cavity-nesting bees will form aggregations if nesting sites are 
available, as is common with alkali bees, mason bees, and leafcutting bees (Michener, 
1974). The tendency for some solitary bees to form nest aggregations makes them par¬ 
ticularly amenable to management for agriculture because it allows farmers to provide 
concentrated nest sites for the bees. 
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An Industrious Hum 

Why are bees such notoriously hard-working pollinators? Bees are the ultimate pollina¬ 
tors. They are superior to other flower-visiting insects in pollination efficacy for many 
crops because of their abundant pollen-trapping body hair, specialized flower-handling 
and foraging behaviors, and reliance on floral rewards for raising offspring (Free, 1993). 
What benefits are gained from plants by the bees? For bees, it is all about collecting pol¬ 
len and nectar and, in some cases, essential oils. These rewards are produced by plants 
and collected by bees as food for their brood and as fuel for adult activities. What benefits 
are gained from bees by the plants? For flowering plants, it is all about improving repro¬ 
duction and spreading their genes. The plants benefit when bees come into contact with 
the reproductive structures of flowers. Bee activity increases pollen movement because 
the bees transport pollen grains from flower to flower and from plant to plant, delivering 
them to receptive stigmas and providing for cross-pollination. 

Most people think of pollen as a larval bee food that is high in protein. Indeed, pollen 
contains 16-60% protein, but also can be a source of fats, starches, sugar, phosphates, 
vitamins, and sterols (Standifer et al., 1968; Svoboda et al., 1983; Buchmann, 1986; 
Barth, 1991; Proctor et al., 1996). Most flowers offer both pollen and nectar, but some 
offer only pollen. Millions of pollen grains are available per flower for a bee to collect, 
and such an abundance of pollen grains creates an ample resource of genetic material 
for plant propagation, in addition to being a source food for the propagation of plant pol¬ 
linators (Barth, 1991; Proctor et al, 1996). 

Nectar is commonly thought of as a carbohydrate reward offered to pollinators. 
Sugar (15-75%) and water are the main nectar ingredients, but other nutrients are 
also present, including amino acids, proteins, organic acids, phosphates, vitamins, and 
enzymes. Unlike pollen, nectar is not transferred between flowers by bees and plays no 
direct role in a plant's reproduction. However, because nectar attracts insects to flowers 
and is a vital component of larval provisions, nectar indirectly promotes pollination. 
Some plants produce oils as floral rewards that are collected by bees. Oil-collecting spe¬ 
cies include solitary bees in the families Andrenidae, Anthophoridae, and Mellitidae, 
and also the orchid bees (Apidae: Apinae: Euglossini). Depending on the species, these 
bees collect oils to mix with pollen (and may also add nectar) as a rich, fatty food source 
for larvae. Some bees may use oils in making water-resistant cell linings. Male eugloss- 
ine bees collect highly scented flower oils from various orchids and use them to facilitate 
their own attractiveness to mates (Proctor et al. 1996; Roubik & Halson, 2004). and 
while collecting oils, these males serve as pollinators. 


Consideration of Bees' Needs 


For maximized production of many crops, bee pollination is required as part of a com¬ 
plete management system. The most successful pollination will occur when crop man¬ 
agers implement strategies that consider the needs of the bees. In most agricultural 
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systems that require insect pollination, bees cannot be treated like a field application of 
fertilizer or herbicide. Whether managed or naturally occurring, bees need food and safe 
harbor for living and reproducing. If the needs of bees are met, then thriving pollinator 
populations will be available to provide their services year after year. 

For managed bees, the timing of bee release onto a crop must co-occur with bloom so 
that resources are available for the bees and so that timely pollination occurs. If the crop 
is not in bloom when bees are ready for release, other flowering plants could be provided 
to maintain bees until the onset of crop bloom, or other strategies need to be taken. For 
example, managed solitary bees can be chilled for a short period to delay their devel¬ 
opment and facilitate timing their emergence with bloom. Failure to provide a floral 
resource for active bees decreases the reproductive success of bees and, in some cases, 
may cause them to leave the crop vicinity in search of alternative forage. Additionally, 
providing adequate and desirable nesting places will promote better bee retention and 
reproduction. Inundating a crop with pollinators may guarantee maximum crop pol¬ 
lination, but using an alternative method—a lower, sustainable number of foraging 
bees—may reduce competition for food and nesting resources, bringing about both 
high crop yield and greater bee reproduction rates. 

Managing bees can be problematic due to the dynamics of rearing organisms in close 
proximity and in controlled situations. Disease epidemics can devastate or impair the 
production of commercial pollinators, and research is ongoing on bees that have been 
used domestically for thousands of years (such as the honey bee), on bees managed for 
decades (such as alfalfa leafcutting bees and bumble bees), and on bees on the brink of 
commercial-scale use (such as the red mason bee and the blue orchard bee). 

In addition to managed bees, it is important to recognize the potential benefits of 
wild, native bees in crop systems. Mark Winston offers an encompassing view of how 
managerial practices might discourage wild bee pollination: “The reason that wild 
bees no longer visit crops are few and clear: pesticides, lack of floral diversity, habitat 
destruction, and, ironically, competition with managed pollinators" (Winston, 1997, 
119-120). 

Although wild bees are not managed, especially not in the same way as commer¬ 
cial bees, certain practices on or near the farm can encourage their availability and 
likelihood of flower visitation. If native bees already are performing a pollination ser¬ 
vice in a crop system, the addition of managed pollinators may cause competition for 
food and nest sites, which could result in reduction or elimination of natural pollina¬ 
tion. Wild bumble bees, carpenter bees, sweat bees, mason bees, and other bees will visit 
crop flowers if favorable habitats occur in the vicinity. Favorable habitats are those in 
which food and safe nest sites can be found. Whether naturally or artificially created, 
bare patches of undisturbed ground or persistent embankments may increase aggrega¬ 
tions of ground-nesting bees, such as alkali bees and sweat bees. Old wooden structures, 
loose debris piles, and thick underbrush may be attractive to carpenter bees and bumble 
bees as nest sites. Old, pithy plant stems, hollow reeds, or boards with drilled holes may 
be inviting to cavity-nesting leafcutting and mason bees. Naturally occurring flowers or 
deliberately added flowering plants may provide alternative sources for pollen and nec¬ 
tar to keep bees in a production area before the onset of crop bloom or after it has passed. 
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Thus, when the more preferred crop flowers are available, the bees will be available to 
pollinate; when the crop flowers disappear, the bees can complete their nesting. 


Conclusion 

Bees are extremely vital to the well-being of mankind. Products from pollinated plants, 
including fruits, vegetables, and seed crops, not only feed people but also feed the pets 
and livestock that people raise for pleasure and consumption. An appreciation of the 
vital relationships between plants and their pollinators, in their own time and space, is 
needed to secure the future of crop production. The chapters in this book are intended to 
provide valuable information and forethought for understanding the impact of bees in 
the dynamic agricultural ecosystem of modern society. 
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2 Crop Pollination Services 
From Wild Bees 

Claire Kremen 


Introduction 

Historically, crop pollination needs were met by wild pollinators living within the farm¬ 
ing landscape (Kevan & Phillips, 2001), and this is still true in less intensive agricultural 
systems (e.g., Ricketts et al., 2004; Morandin & Winston, 2005). For many modern crops 
requiring an animal pollinator, however, pollination is now managed as intensively 
as other aspects of agriculture by bringing large numbers of commercial pollinators 
directly to the field where pollination is needed. 

Only a dozen species have been commercialized for use as pollinators (Parker et al., 
1987; Batra, 2001), although thousands more species, primarily bees, participate in crop 
pollination (Nabhan & Buchmann, 1997). The most widely used pollinator, and the one 
with the longest history of domestication, is the honey bee, Apis mellifera (Crane, 1990), 
probably utilized for at least 90% of managed pollination services (Calderone, personal 
communication, 2005). The extent of our reliance on this single species for such an 
important service is risky. In the United States, managed stocks of the honey bee have 
declined by 50% over the past 50 years (National Research Council, 2007) due primar¬ 
ily to the mite, Varroa destructor (Morse & Goncalves, 1979; Beetsma, 1994), which both 
weakens individuals and transmits disease. Also, Varroa mites have developed resistance 
to the miticides (Elzen & Hardee, 2003), leading to high rates of over-winter colony mor¬ 
tality during some years (e.g., up to 50% across large areas of the United States), and thus 
high within- and between-year variability in the honey bee supply (National Research 
Council, 2007). Varroa has affected honey bee availability not only in the United States 
but also in Europe and the Middle East (Griffiths, 1986; Komeili, 1988). 
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There are two nonexclusive alternatives to our overreliance on the honey bee: domes¬ 
tication and commercialization of additional species (Parker et al., 1987; Kevan et al, 
1990), and conservation and enhancement of populations of wild pollinators on or near 
farms (Batra, 2001). This chapter is concerned with the latter alternative. 


Services Provided by Wild Bee Communities 

We do not know how many unmanaged species contribute to crop pollination, nor what 
percentage of crop pollination results from visits by unmanaged species. Bees are the 
most important pollinators of many crops and are recorded visitors to 73% of the crop 
species that require pollinators worldwide (Nabhan & Buchmann, 1997). Thousands 
of bee species visit crop plants globally (Free, 1993), but few exhaustive surveys have 
been conducted. In northeastern North America alone, 190 species of bees are asso¬ 
ciated with lowbush blueberry (Kevan et al. 1990). In a single location in California, 
workers recorded 66 bee species visiting selected spring and summer crops (Kremen 
et al.. 2002a). Other wild visitors to crops include flies, wasps, butterflies, moths, midges, 
thrips, beetles, birds, and bats (banana), thus representing 37 invertebrate and 7 verte¬ 
brate genera (Roubik, 1995; Nabhan & Buchmann, 1997). 

Wild pollinators can contribute to crop pollination in four ways. First, they can sub¬ 
stitute for the services provided by commercially managed pollinators, replacing them 
either fully or partially. Second, they can enhance the services provided by managed 
pollinators through behaviors that increase the effectiveness of the managed pollinator. 
Third, they can provide services to plants that are not efficiently pollinated by a man¬ 
aged pollinator. Fourth, they can enhance productivity in plants that self-pollinate and 
for which pollination is consequently rarely managed. In contrast, wild pollinators can 
also detract from crop pollination in several ways, either by nectar robbery, by compet¬ 
ing for pollen with other, potentially superior pollinators, or by transferring heterospe¬ 
cific pollen that clogs stigmas. 

When wild bees provide an equivalent (redundant) service to that of the managed 
pollinator, they can partially or fully substitute for that pollinator. In watermelon pro¬ 
duction in northern California, honey bees are often imported to fields to provide polli¬ 
nation services. Although their pollination efficiency is low relative to other bee visitors, 
honey bee contribution to overall pollination is high due to their high abundance under 
these circumstances. Thirty native bee species also visit watermelon flowers in this area 
and contribute to pollination. Although none of these species is abundant compared 
with the artificially high abundances of the honey bee, these species collectively provide 
on average 28-100% of pollination needs for watermelon (range = 6-100%), depending 
on the farm environment. Organic farms near natural habitats (low agricultural inten¬ 
sity) reliably receive a large proportion of their pollination requirements from the wild 
bee community; these farmers never import honey bees to their farms, and the honey 
bee contribution on its own is not sufficient to provide them with the services they need. 
Thus such farmers clearly are relying on wild pollinators to some extent. At the other 
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end of the agricultural intensification gradient, conventional farmers far from natural 
habitat never receive sufficient pollination from wild bees; such farmers always import 
honey bees to provide pollination services. Nevertheless, they do receive some benefits 
from wild bee visitors, although they may be unaware of these benefits (Kremen et al., 
2002a, 2002b, 2004). 

Wild bees can enhance the services provided by managed honey bees via behaviors that 
increase the rate of pollination. First, they can enhance per-visit pollination efficiency of 
the honey bee through behavioral interactions. There is a single documented example of 
this phenomenon (Greenleaf & Kremen, 2006b), but it is likely to be widespread in crop¬ 
ping systems that require movements between cultivars for successful fruit or seed pro¬ 
duction (e.g., both hybrid seed production systems and many orchard crops). In hybrid 
sunflower seed production, farmers plant 4 rows of male-sterile, nectar-producing 
(“female") cultivars for every 6-10 rows of male-fertile, pollen- and nectar-producing 
(“male”) cultivars in a repeating pattern. Honey bees are stocked at 2-2.5 colonies per 
ha; nonetheless, lack of pollination is a major factor cited by farmers for underproduction. 
Individual honey bees tend to forage either for pollen or for nectar (Free, 1963). Honey 
bees had low pollination efficiency on hybrid sunflower relative to the most efficient wild 
bee visitors (mean of 3 seeds/visit compared with 19). There was a strong linear relation¬ 
ship, however, between per-visit honey bee pollination efficiency and the richness and 
abundance of wild bees present, increasing the number of seeds set per honey bee visit up 
to fivefold. Interactions between wild bees and honey bees caused honey bees to transfer 
more frequently from male to female rows, enhancing their per-visit efficiency. Thus on 
average, although wild bees contributed only a small proportion of total sunflower pol¬ 
lination directly, they doubled the effectiveness of honey bees and thus the value of the 
pollination services honey bees provide (Greenleaf & Kremen, 2006b). 

Second, better seed and fruit set can result from the combined, complementary for¬ 
aging activities of honey bees plus wild bees than from that of either group alone. In 
strawberry, the behavior and morphology of wild bees favors pollination of the basal 
stigmata, whereas that of honey bees promotes pollination of the apical stigmata. The 
result of visits by both groups was higher pollination rates (number of fertilized achenes/ 
flower) and larger, more completely formed fruits (Chagnon et al., 1993). 

Non-Apis bees are more effective pollinators than Apis mellifera for some crops that 
depend on animal pollinators for fruit set, including alfalfa, blueberry, and cranberry 
(Parker et al, 1987; Delaplane & Mayer, 2000). In these crops, honey bees cannot reliably 
work the floral mechanism that allows pollination (Proctor et al., 1996). Growers often 
import large numbers of honey bees, hoping that increasing the frequency of encounters 
will increase the number of successful pollination events. Alternative pollinators have 
been domesticated in some cases, including Megachile rotundata and Nomia melanderi for 
alfalfa, or Osmia species for blueberry, but the use of these pollinators is not widespread 
(see Crane, 1990, table 8.5). In some cases, growers rely almost entirely on wild bees. 
In the 1970s in Canada, blueberry growers became acutely aware of their reliance on 
native pollinators when applications of the insecticide fenitrothion to nearby forests for 
spruce budworm control greatly reduced many pollinator populations, a reduction that 
was then correlated with significant crop losses (Kevan & Plowright, 1989). 
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The majority of economically important fruit and vegetable crops that self-pollinate 
also benefit from pollination provided by insect vectors by enhanced fruit set and/or size 
(Klein et al., 2007). The mechanism may be due to increased deposition of self-pollen, 
cross-pollen, or both, reflecting the contribution of both genetic and physiological fac¬ 
tors to fertilization, fruit set, and fruit growth (Proctor et al, 1996; Delaplane & Mayer, 
2000). Growers of self-pollinating plants generally do not import pollinators (except in 
cultivation of greenhouse tomatoes, whose flowers need vibration, either by wind or an 
insect, to release their pollen); thus enhanced fruit production due to animal-mediated 
pollination in self-pollinating field crops is generally due to visitation by wild bees (Klein 
et al., 2003a; Ricketts et al., 2004; Greenleaf & Kremen, 2006a). 

Visitation by some insects may actually be detrimental for crop pollination. Insects 
that cut holes at the base of the flower’s corolla in order to obtain nectar resources may 
reduce a flower’s attractiveness and deter other insects from visiting and pollinating the 
plant (frwin et al.. 2001). Insects that visit multiple flowering species may transfer het¬ 
erospecific pollen during visits to crop flowers, which could then clog stigmas, reducing 
both the effectiveness of that visit and of subsequent visits by the same or other polli¬ 
nators. In general, non-Apis individuals are thought to exhibit lower flower constancy 
than honey bees (Slaa & Biesmeijer, 2005); thus it is conceivable that non-Apis wild pol¬ 
linators could reduce pollination services provided by honey bees through stigma clog¬ 
ging, although f know of no examples in crops. 

Insects (usually bees, but also pollen-eating beetles) that remove large amounts 
of pollen while depositing only tiny amounts can be negative, rather than positive, 
for pollination function in crops. The extent to which a given species (whether wild 
or managed) is detrimental versus beneficial for crop pollination services depends on 
three things: (1) its species-specific behavior, leading to its mean ratio of pollen removal 
to deposition; (2) the composition of the pollinator community; and (3) whether the 
amount of available pollen is a limiting factor. Under limiting conditions (i.e.. all pollen 
produced is removed), if one visiting species has a high ratio of pollen removal to deposi¬ 
tion relative to other community members, its contribution to pollination will be nega¬ 
tive, because it removes pollen from the system that other pollinators could otherwise 
deposit. If it has a low removal to deposition ratio relative to other species, or if there 
are no other pollinating species, then it increases pollination (Thomson & Thomson, 
1992; Thomson & Goodell, 2001). If the amount of pollen is not limiting, however, then 
more visits from any visitor that deposits any amount of pollen add to the total pollen 
deposited on the crop. Pollen supply will depend greatly on the cultivar. crop breeding 
system, and other details of cultivation (e.g., proportion of plants supplying pollen in 
the crop field). 

Although wild bee pollinators may augment or in some cases substitute for the ser¬ 
vices provided by commercially managed pollinators, it is important to recognize some 
inherent limitations to services provided by wild, unmanaged bees. Wild pollinator pop¬ 
ulations are notably variable in space and time (Roubik, 2001; Williams et al.. 2001); 
thus services they provide may not be consistent enough to meet the needs of large- 
scale intensive agriculture. Unlike the honey bee, which forms permanent colonies of 
30,000 to 50,000 individuals, non-Apis bees often have relatively small population 
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sizes, particularly at the beginning of the flight season for multivoltine or social species 
with multiple generations of workers within a season. 

Commercially managed pollinators are clearly critical to the success of modern agri¬ 
culture, but wild, unmanaged pollinators, despite the caveats noted previously, could 
reduce the risk of depending overly on just one or a few commercial species. Risks from 
relying on only a few species come from: (1) the challenges of maintaining a stable sup¬ 
ply of commercial pollinators, given problems of managing the genetics, pathogens, and 
parasites of honey bees and other commercial pollinators (National Research Council, 
2007); and (2) limitations in pollination services provided by only a few pollinator spe¬ 
cies (see the upcoming section on the role of diversity). For example, honey bee work¬ 
ers communicate with each other about the spatial location and quality of foraging 
resources. This social behavior can lead to massive recruitment of workers to a crop 
that is rewarding in pollen and nectar, but it may also result in workers concentrating 
in selected areas of the field, which can bring about uneven crop pollination across the 
field. In the worst case, honey bee workers leave the crop altogether to forage on more 
attractive noncrop resources (Free, 1968). Although less numerous and certainly more 
patchy in their distributions, wild bees may complement the services provided by honey 
bees (Chagnon et al., 1993) and spread pollinators over a larger area of the crop (Proctor 
et ah, 1996). Given their small, patchy populations, however, the goal of managing for 
wild pollinators should be to augment the services provided by commercial pollinators 
by maintaining diverse communities that collectively provide more stable services than 
any individual wild pollinator species could (Tilman et al., 1998: Klein et ah, 2003b: 
Kremen et al., 2002b, 2004). 


Economic Value of Services From Wild Pollinators 

Estimating the economic value of services provided by wild pollinators is complicated for 
three reasons. First, different approaches to estimating the value of pollination services 
yield widely differing results (Kremen et al., 2007). The lowest value would be the cost 
to replace wild bee pollination services with commercial pollinators (Muth & Thurman, 
1995). The highest value comes from establishing the proportional dependence of a 
crop on animal pollination and then multiplying this proportional dependence by the 
gross value of the crop produced (Robinson et al., 1989a, 1989b). Second, in situations 
in which both managed and wild bees contribute to pollination services, determining 
the contribution of each requires intensive field documentation (Greenleaf & Kremen, 
2006b: Olschewski et al., 2006: Priesset al., 2007). Such information is rarely available. 
Nabhan and Buchmann (1997) have suggested that contributions from wild bees would 
be similar to those from managed bees, but using the same basic approach of Robinson 
et al. (1989a, 1989b), Losey and Vaughan (2006) estimated the contribution to U.S. fruit 
and vegetable production of wild bees at $3.07 billion, less than 20% of the contribu¬ 
tion of honey bees ($17.01 billion). Third, interactions between wild bees and honey 
bees that augment pollination services require yet another level of field documentation 
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(e.g., Chagnon et al., 1993; Greenleaf & Kremen, 2006b) and may dramatically increase 
the value attributed to wild bees. For example, in the hybrid sunflower seed production 
described earlier, Greenleaf and Kremen (2006b) attributed only 7.3% of the gross value 
of the U.S. hybrid sunflower seed crop ($26.1 million) to wild bees through direct pollina¬ 
tion but an additional 39.8% to their enhancement of the pollination services provided 
by honey bees. The direct contribution provided by honey bees without the beneficial 
effects of wild bees was 52.9%. 


Effects of Agricultural Land Use on Wild Bee 
Communities and Pollination Services to Crops 

Agricultural land use may have either positive or negative effects on pollinator commu¬ 
nities and the services they provide, depending on the intensity of agricultural land use, 
the spatial scale (Tscharntke et al, 2005), and the biome, although too few studies have 
been conducted to predict these effects with certainty. Both site and landscape-scale fac¬ 
tors may be important (see figure 2.1). In a Mediterranean biome in California, agricul¬ 
tural intensification, which included both the reduction of nearby natural habitat and the 
predominance of large-scale industrialized agriculture (for a definition, see Tscharntke 
et al.. 2005), led to reductions in the species richness and abundance of wild bee pollina¬ 
tors on watermelon (Kremen et al., 2002b, 2004), tomato (Greenleaf & Kremen, 2006a), 
and sunflower (Greenleaf & Kremen, 2006b), with concomitant estimated reductions in 
the services wild bees provide to these crops. In these studies, a common factor influenc¬ 
ing wild bee distributions appeared to be the area of nearby natural habitats (chaparral 
and oak woodlands) within several kilometers of the farm site. The proportional area or 
proximity of natural habitat was positively correlated with bee species richness, abun¬ 
dance, the number of nesting bees found on farms, and the magnitude and stability of 
pollination services provided by wild bees (Kremen et al., 2004; Greenleaf & Kremen 
2006a, 2006b; Kim et al., 2006). Local farm management type (organic vs. conven¬ 
tional) only weakly affected these community response variables once the landscape 
level effects were factored out. although for sunflower, the interannual continuity of 
sunflower availability within foraging range of bees was equally important (Greenleaf 
& Kremen. 2006b). Individual bee species were differentially sensitive to the gradient of 
agricultural intensification, but none increased in response to it (Kremen, 2004). The 
species that were the more effective pollinators in watermelon were also the more sensi¬ 
tive to agricultural intensification; thus their loss exacerbated the effects on pollination 
services (Larsen et al., 2005). 

Similarly, in the neotropics, distance to wild forest patches significantly influenced 
the richness and abundance of wild bees visiting and pollinating coffee in Costa Rica 
(Ricketts, 2004) and grapefruit in Argentina (Chacoff & Aizen, 2006). These wild bees 
included indigenous solitary and social bees and feral colonies of introduced Apis mel- 
lifera scutellata. Over a span of 100 meters from the forest edge, visitation dropped pre¬ 
cipitously by 75% (Ricketts et al., 2004), although a decline in pollination services was 
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Figure 2.1 Schematic depicting the influence of site and landscape-level factors on bees in 
an agricultural landscape. The small gray box denotes a farm field embedded in a larger 
landscape, which generally includes multiple habitat types. Each x denotes the nesting site 
of one female bee, and the circle around each x denotes the foraging range of the bee. One 
female nests off the farm (solid circle) and the other nests on the farm (dashed circle), but 
in both cases, their foraging ranges encompass both farm and off-farm areas. Bees require 
floral and nesting resources that are available within their foraging range and throughout 
their adult flight period, as well as suitable climatic/microclimatic conditions for flying, for¬ 
aging, and mating. At the farm scale, management practices influence both the availability 
of floral and nesting resources and microclimate conditions through the choice of crops and 
cultural practices, including weed control, irrigation, and tillage. Use of pesticides influences 
mortality rates of bees and bee predators and parasitoids. At the landscape scale, the hetero¬ 
geneity of the habitat influences the diversity and abundance of available floral resources 
and of nesting sites/substrates within the bees’ foraging range (circle), which tends to be 
larger in species of larger size. 


not observed until 1600 meters (Ricketts, 2004). Similarly, richness and visit frequency 
of native wild bees visiting grapefruit (Citrus paradisi) declined precipitously with dis¬ 
tance from the forest edge in Argentina (by eightfold within 1,000 meters), and the visit 
frequency of feral Apis mellifera scutellata, which accounted for 95% of visits, dropped by 
twofold over the same distance (Chacoff & Aizen, 2006). In coffee fields in Indonesia, dis¬ 
tance to wild habitat affected the richness of native social but not solitary bees, whereas 
light levels within the fields were strongly, positively correlated with solitary bee rich¬ 
ness and with the abundance of both solitary and social bees. Fruit set was significantly 
correlated with both factors (Klein et al., 2003b). In macadamia (Macadamia integrifolia) 
orchards in southern Queensland and New South Wales, Australia, the abundance of 
its most common native pollinator, Trigona carbonaria, but not of managed Apis melli fera, 
correlated with the proportional area of Eucalyptus forests within 1 kilometer of orchards 
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(Heard & Exley, 1994). In contrast, on the Atherton Tablelands in northern Queensland, 
where honey bees were not managed for pollination, distance from rainforest corre¬ 
sponded with a decline in both feral Apis mellifera visits and in fruit set of macadamia, 
although there was no correlation between fruit set per raceme and A. mellifera abun¬ 
dance per site (Blanche et al„ 2006). In the same area, beetle visitors to custard apple 
(Annona squamosa x A. cherimola) declined in diversity and abundance with distance 
from rainforest habitat, with a corresponding decline in fruit production (Blanche & 
Cunningham, 2005; Pritchard, 2005). Similarly, wild stingless bees (Trigona spp.), but 
not feral A. mellifera, declined in abundance with increasing distance from rainfor¬ 
est in longan orchards (Dimocarpus longan), with a corresponding decrease in fruit set 
(Blanche et al„ 2006). In these mosaic environments of tropical forest and agriculture, 
forest patches again appear to play an important role in providing habitat for native and 
non-native bee pollinators of crops and thus for pollination services. 

In temperate agricultural landscapes in Europe with patches of seminatural habi¬ 
tats (calcareous grasslands, woods, meadows, and other habitats), distance to these 
patches influenced diversity, abundance and pollination services provided by social and 
solitary bees. In both of two self-incompatible plants, mustard ( Sinapsis arvensis ) and 
radish (Raphanus sativus ), reproductive output was halved first at a 250-meter distance 
from patches and then again at 1,000 meters (Steffan-Dewenter & Tscharntke, 1999). 
In contrast, the abundance of common Bombus species in this same landscape type did 
not correlate with the proportional area of seminatural habitat but did positively corre¬ 
late with the proportional area of such mass-flowering crops as oilseed rape, clover, and 
sunflower. This finding suggests that the enormous flush of pollen and nectar resources 
provided by large fields of monoculture crops can promote abundance of selected bee 
species (Westphal et al.. 2003), particularly if pollen and nectar resources provided by 
these crops are staggered across the bumble bee flight season. 

Although wild bees on crops generally show a decline of diversity, abundance, and 
services with agricultural intensification ( sensu Tscharntke et al., 2005), not all studies 
of bee communities (including bees visiting noncrop resources) show the same diversity 
and abundance trends. For example, in the Atlantic Coastal Pine Barren's ecoregion of 
the northeastern United States, the richness and abundance of bee species in fragments 
of this habitat increased significantly when surrounded by a predominantly agricul¬ 
tural matrix compared with a predominantly forested matrix (Winfree et al., 2007). 
Agricultural habitats also had significantly greater richness and abundance than natu¬ 
rally forested habitats, and more species were found to be unique to the agricultural areas 
as compared with the forested areas. Forests in the Pine Barrens are composed of a pine 
overstory with a low-diversity, ericaceous understory. Both floral richness and abun¬ 
dance were higher in agricultural areas than within Pine Barren forests. In this system, 
agriculture apparently enhances rather than detracts from bee richness and abundance, 
although it must be noted that the intensity of agricultural land use is relatively low 
(approximately 30% of land uses within 1.6 km of sample sites) compared with other 
study systems. In this case, agriculture may mimic various early successional habitats 
in which bee species often thrive (e.g., Carvell, 2002; Potts et al., 2003; Grixti & Packer, 
2006). Positive effects of agriculture on pollinator communities may be more likely to 
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occur in regions in which the presence of agriculture increases rather than decreases 
habitat heterogeneity within the foraging range of bees (e.g., <2 km), such as farming 
landscapes that include relatively small field sizes, mixed crop types within or between 
fields, and patches of noncrop vegetation, such as hedgerows, fallow fields, meadows, and 
seminatural wood or shrublands (Eltz et al„ 2002; Tscharntke et al., 2005). 

In summary, based on reported studies, pollination services provided by wild bees 
are most likely being reduced in many of the areas in which they could be contribut¬ 
ing to crop pollination. At the same time, numbers of commercially managed honey 
bee colonies have also declined, and challenges for honey bee management are increas¬ 
ing (National Research Council, 2007). Yet there are comparatively few documented 
instances of shortages in pollination services. This suggests that we are not yet in crisis; 
but, to be cautious, we should take preventive measures now. In particular, our heavy 
reliance on honey bees makes production of some crops (especially almond and other 
orchard crops) vulnerable to sudden, unforeseen changes in its abundance, such as 
appear to be occurring with increasing frequency in the United States following winter 
season declines (National Research Council, 2007). 


Role of Diversity 

A more diverse community of wild pollinators can provide a greater amount of polli¬ 
nation services to a greater number of crops with greater stability. More diverse com¬ 
munities of pollinators in agricultural systems also have greater total abundances and 
rates of visitation to crop flowers (Steffan-Dewenter & Tscharntke, 1999; Klein et al., 
2003b; Ricketts, 2004; Larsen et al., 2005; Pritchard, 2005; Chacoff & Aizen, 2006). 
The strikingly consistent positive relationship between abundance and richness across 
these studies suggests that the loss of richness will generally reduce the number of visits 
and hence the level of pollination services provided to crops by the wild bee community, 
given a strong correlation between visit number and pollination services across systems 
(Vazquez et al, 2005). 

Although many pollinator species that visit crops are generalists, different crop species 
nonetheless attract different, albeit partially overlapping, sets of pollinator species from 
the local species pool. Therefore, maintaining diverse pollinator communities locally 
is important for providing pollination services to a more diverse set of crops. Within a 
crop, a diverse group of pollinator species can provide better pollination services than a 
single species can, due to different foraging behaviors (e.g., strawberry; Chagnon et al., 
1993) or to interactions that influence foraging movements (e.g., sunflower; Greenleaf & 
Kremen, 2006b). Within a crop, diversity of the pollinator community is also impor¬ 
tant for ensuring the stability of pollination services across time and space. Several lines 
of reasoning support this assertion. From theoretical principles, we know that more 
diverse communities whose populations fluctuate in a random, uncorrelated fashion 
will provide more consistent services than will less diverse communities (the portfolio 
effect; Tilman et al., 1998). Empirical work supports the claims of theory, although few 
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studies have yet been conducted. Richer communities provided more stable pollination 
services to watermelon crops from day to day within a season (Kremen, unpublished 
data) and from bush to bush within a coffee field (Klein et al„ 2003b; Steffan-Dewenter 
et al., 2006). High-diversity communities may include an array of species with broader 
physiological and behavioral ranges that are able to fly and to pollinate flowers under 
a wider array of environmental circumstances and thus to provide greater consistency 
than lower-diversity communities (Herrera, 1995; Bishop & Armbruster, 1999; Klein 
et al., 2003b). 

Insect populations, especially bees, fluctuate greatly in the wild from year to year, 
as well as within seasons and across space (Herrera, 1988; Wolda, 1988; Roubik, 2001; 
Williams et al., 2001). Such transient losses are unlikely to affect pollination services 
to a given plant species as long as the system is relatively diverse (Williams et al., 2001; 
Memmott et al., 2004; Morris, 2003). In the watermelon system, entirely different bee 
species predominated in their visit frequencies (abundances) in 2 successive years, and 
hence their species-specific contributions to watermelon pollination. In both years, 
however, the community collectively provided sufficient services on high-diversity 
farms (Kremen et al., 2002b). In Costa Rica, decline in 1 year in the abundance of feral 
non-native A. mellifera scutellata was partially balanced by increases in abundances of 
native species (Ricketts, 2004). In these systems, managing for wild bee richness, rather 
than for the abundance of a particular species, is an important factor in maintaining a 
consistent level of service. 


Managing for Wild Bee Populations and Services 
in the Agroecosystem 

Wild pollinators are mobile organisms that often utilize a multiplicity of resources; often, 
different resources are localized in different, noncontiguous habitats (Westrich, 1996; 
see figure 2.1). Maintaining wild pollinator populations, therefore, requires under¬ 
standing resource requirements and then managing habitats and landscapes to provide 
food resources, nesting habitats, overwintering habitats, and breeding areas. Resources 
must be available within foraging/dispersal distances, or organisms will die or have low 
reproductive rates. Managing for pollinator populations requires thinking not only at 
the site scale but also at the landscape and even the regional scale. 

For example, in California, many of the bee species visiting crop plants are general¬ 
ists with long flight periods (e.g., Bombus and Halictus species; Kremen et al., 2002a). 
They require a suite of floral resources stretching from early spring to mid-fall (January 
to October for some species) and may, therefore, depend not only on the weed and crop 
resources that are available on farm lands but also on wild, native plants that occur 
in neighboring riparian, chaparral, and oak woodland areas (Kremen et al., 2002a; 
Williams & Kremen, 2007). Decreasing the area of natural habitat within a given 
radius of a farm site (or, conversely, increasing the distance to patches of natural habi¬ 
tat; Harrison & Fahrig, 1995) could increase the energetic requirements to obtain floral 
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resources and thus to produce offspring (Orians & Pearson, 1979). Species that depend 
on native plants for all or part of their life cycle may either drop out completely or dimin¬ 
ish in abundance on farms with little natural habitat within foraging range of the bee 
species (e.g., Larsen et al„ 2005). Conversely, alternative resources provided in the agro¬ 
ecosystem may mitigate the loss of resources in natural habitat. Williams and Kremen 
(2007) monitored offspring production in experimental cavity nests of Osmia lignaria, 
the blue orchard bee, and found that resources available on organic farms partially 
substituted for preferred resources from wild plants, reducing the dependence of 0. lig¬ 
naria productivity on the proximity of natural habitat on organic farms. In contrast, on 
conventional farms that did not have such onsite resources, Osmia productivity rates 
declined significantly with increasing distance to natural habitat, and offspring sur¬ 
vival was below replacement in the most isolated sites. 

Bee species will differ in their capacity to nest on farms. Some bee species require 
rodent nests or cavities in wood in which to nest, and these may not be available on farm 
sites. Bees that excavate nests in the ground may suffer mortality from flood irrigation 
and plowing if they nest in agricultural fields (Shuler et al., 2005). In California, less 
than half of the ground-nesting bee species found visiting sunflower were also found 
nesting on or in sunflower fields (Kim et al., 2006). If nests are located offsite, it provides 
a constraint to the distance they will be able to forage; thus only farms within forag¬ 
ing range will receive pollination services. Foraging ranges differ widely among species 
and are strongly related to body size; in the California system foraging ranges are below 
2 kilometers (Greenleafet al., 2007). 

It therefore seems clear that managing at the landscape scale, as well as at the site 
level, will be important for restoring, preserving, or maintaining pollinator communi¬ 
ties and services. How much land is enough to provide sustainable pollinator commu¬ 
nities and services? Only a few studies have addressed this issue, and far more work 
remains to be done. Kremen et al. (2004) observed a log-linear relationship between 
the amount of pollination services provided to watermelon and the proportional area of 
natural habitat within several kilometers of the farm site. Full pollination services could 
be provided by wild bee communities at approximately 30% natural habitat cover or 
above. We know even less about how patches of habitat should be optimally configured 
to deliver pollination services to crops in the surrounding agricultural matrix. Indeed, 
because many pollinator populations are not limited to natural or seminatural habitat 
patches but, rather, utilize different elements in both natural and agricultural areas, 
a better question may be, How complex should the landscape be to ensure population 
persistence of pollinators (Tscharntke et al. 2005)? In addition, we know little about the 
factors that limit bee populations. Is it floral resources, nesting sites, or both? What role 
do predators, parasitoids, parasites, and disease play in limiting bee populations, and 
how do these factors respond to landscape structure? 

Although our knowledge is incomplete, a great deal could currently be done to improve 
the situation for wild pollinators in agricultural landscapes, acting both at the site (field) 
and landscape scale. Site-level management actions could include introducing multi¬ 
cropping, allowing cover crops to flower or permitting weedy borders, restoring native 
plant hedgerows that consist of phenological suites of plants that support pollinators, 
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creating small patches of bare ground for nesting, installing bumble bee boxes and trap 
nests, and leaving small patches of woods for cavity-nesting bees (Vaughan et ah, 2004). 
In areas of Eastern Europe, alfalfa growers successfully managed for a wild pollinator, 
the alfalfa gray-haired bee (Rhophitoides canus), by carefully timing and spacing cutting 
of alfalfa bloom so as to provide alfalfa bloom throughout the life cycle and bare soil for 
nesting during the peak nesting period (Bosch, 2005). In the United Kingdom, grow¬ 
ers plant flower-rich field margins to enhance pollinator abundance on farms (Dover, 
1997; Carvell et ah, 2004). The specific composition of plantings may be important in 
determining pollinator abundance and diversity (Gurr et ah, 2004; Pywell et al., 2005), 
but it is not known whether such field strips enhance population size and persistence of 
pollinators or simply redistribute them within the landscape. 

Such small-scale restorations or changes in field management practices could pro¬ 
mote floral and nesting resources for bees at little or no cost to farmers. To the extent 
that these practices enhance populations rather than redistribute individuals, small- 
scale changes that initially incur small annual costs could have cumulative effects that 
ultimately pay for themselves, allowing farmers to reduce rental payments for honey 
bees or to weather periods of scarcity of commercially managed pollinators (Kremen 
et al., 2002b). Such management practices could ultimately transform farm sites from 
sinks to sources of native bees by increasing reproductive rates above replacement (sensu 
Pulliam, 1988). In California, organic farms acted like source habitats for experimen¬ 
tal O. lignaria populations compared with conventional farms, which acted like sinks, 
with reproductive rates above replacement on organic farms but below replacement on 
conventional ones (Williams & Kremen, 2007). Landscape-level management actions 
could include coordinating small-scale efforts among growers to build larger “patches” 
of bee-friendly farms and enhance connectivity between them through restoration of 
riparian or other corridors and through conservation of existing seminatural and natu¬ 
ral habitats. Such actions are evidently much more difficult and expensive to implement 
and will generally be more likely to happen if they simultaneously promote multiple 
ecosystem service benefits (Balvanera et ah, 2001). It may rarely be the case that the eco¬ 
nomic benefits from enhanced pollination services alone are sufficient to bear the costs 
of managing sites and landscapes for wild pollinators (Olschewski et ah, 2006). 
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Crop Pollination in Greenhouses 

Jose M. Guerra-Sanz 


Introduction 

Greenhouse vegetable cultivation is a production system providing a high income per 
unit area due to various benefits, such as year round production, improvements in crop 
quality, and increases in yield. Greenhouses allow a more efficient use of water, fertil¬ 
izers, pesticides, and labor. For all these reasons, protected cultivation, especially green¬ 
house production, has increased worldwide over the past three decades. Total protected 
cultivation acreage in the world has already reached 2 million ha, and total greenhouse 
acreage is over 700,000 ha (Pardossi et al., 2004). The Mediterranean Basin is one area 
of concentrated greenhouse production. Approximately 330,000 ha in Mediterranean 
countries are in protected cultivation, of which 190,000 ha are greenhouse production 
(Jouet, 2001). The leading countries in the region are Spain, Turkey, and Italy, followed 
by France, Israel, and Greece. Greenhouse culture also has constraints, such as pollina¬ 
tion. Pollination (the deposition of an adequate amount of viable pollen on the receptive 
stigma at the right time for fertilization) is essential to most of the horticulture plants 
grown in greenhouses to achieve a reasonable fruit weight and quality. A great portion 
of the fruit quality in the extra-early horticulture (out-of-season fruits and vegetables) 
depends on efficient pollination. 

From a strictly economic point of view, the importance of pollination of greenhouse 
crops may be seen in table 3.1. Approximately 45% of greenhouse crop production 
value is attributed to pollination. These data are from the 2002 Official Report of the 
Andalusian Agriculture and Fisheries Council in Almeria (southeast of Spain), where 
more than 20,000 ha are cultivated under plastic greenhouses. 
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Table 3.1 Pollinator dependency factors for certain crops. Calculated according to Southwick 
& Southwick (1992). 1 


Plant 

Production 
(metric tons) 

Production Value 
(Euros x 1000) 

Pollinator 

Dependency 

Factor 

Generated Value 
per Pollinator 
(Euros x 1000) 

Watermelon 

200,210 

54,057 

0.4 

21,622.8 

Melon 

163,024 

84,772 

0.6 

50,863.2 

Zucchini 

229,352 

144,492 

0.6 

86,695.2 

Cucumber 

262,200 

167,808 

0.1 

16,780.8 

Eggplant 

70,200 

35,100 

0.6 

21,060 

Tomato 

806,736 

572,783 

0.6 

343,669.8 

Pepper 

542,925 

352,901 

0.2 

70,580.2 

Green bean 

64,970 

70,817 

0.01 

708.17 

Total 

2,339,617 

1,482,730 


611,980.17 


1 These authors calculated the dependency factor of each crop by assuming that the pollinators do not exist. 


From a taxonomic point of view, there are four families of plants that are grown in 
greenhouses for commercial farming: Solanaceae (tomatoes, peppers, and eggplants), 
Cucurbitaceae (melons, watermelons, zucchini, and cucumbers), Rosaceae (strawber¬ 
ries), and Leguminosae (green beans). This list varies from one country to another, and 
some of these crops are not grown in all places. For example, greenhouse strawberries 
are not commercially important in Spain, but they are in Israel and Turkey. All four 
plant families have their own peculiar floral biologies, which are important to consider 
when determining the need for pollination and which pollinator to use. 


Influence of Floral Biology of Greenhouse 
Plants on Pollinators 

Nectar Content 

Honey bees and bumble bees (the most frequent pollinators used to pollinate in green¬ 
houses) are attracted to pollen and nectar and especially to nectar sugars. Several stud¬ 
ies have emphasized the importance of nectar volume, whereas others underlined the 
importance of the concentrations or relative amounts of specific sugars (Baker & Baker, 
1983: Kevan, 2003). Nectar is a mostly aqueous combination of a number of substances 
(Baker & Baker, 1983), mainly sucrose, glucose, and fructose. Other carbohydrates— 
including arabinose, galactose, mannose, gentiobiose, lactose, maltose, melibiose, tre¬ 
halose, melezitose, raffinose, and stachyose—have also been identified in the nectars 
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Table 3.2 Main sugars found in nectars of the extra-early horticulture crops (Guerra-Sanz 
et al. 2005). All analyses were carried out with at least two varieties per crop species, using 
HPLC 1 except for the reference for strawberry. 


Species 

Sucrose 

Glucose + 

Fructose 

Other Detected 
Sugars 

Nectar Type 

Pepper 

Yes 

Yes 

Raffinose 

traces 

Glucose-fructose prevalent 
(sucrose/ hexoses ratio 
depends on the variety and 
anthesis time) 

Melon 

Yes 

Yes 


Sucrose prevalent (sucrose/ 
hexoses ratio depends on 
flower gender) 

Watermelon 

Yes 

Yes 

Raffinose, 

Stachyose 

Sucrose prevalent (sucrose/ 
hexoses ratio depends on 
flower gender) 

Zucchini 

Yes 

Yes 

Raffinose, 

Stachyose 

traces 

Sucrose prevalent (sucrose/ 
hexoses ratio depends on 
the variety and flower 
gender) 

Cucumber 

Yes 

Yes 


Sucrose prevalent (sucrose/ 
hexoses ratio depends on 
the variety and flower 
gender) 

Strawberry 

Yes 

Yes 


Glucose and fructose 
prevalent (Griinfeld 
et al., 1989) 


1 SugarPack 1 column, mobile phase water, 0.5 ml/min, 90°C of column oven temperature, detection by Index of 
Refraction. 


of some flowers (Kevan, 2003). The various types of nectars can be ordered into three 
groups according to sugar content: sucrose prevalent, glucose and fructose prevalent, 
and almost equal amounts of sucrose, glucose, and fructose (table 3.2). Many other 
chemical substances have been detected in different nectars (Kevan, 2003), such as 
amino acids, enzymes, mineral ions, and so forth. 


Other Flower Attractions for Pollinators 

Such flower attributes as size, color, flower organs, nectar guides on the petals, nectar vol¬ 
ume, nectar composition, and amount of pollen are considered to be important factors in 
attracting honey bees and bumble bees, and as such they can affect visitation frequency 
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(Dobson et al., 1990; Fahn, 1979; McGregor, 1976). For instance, corolla color reflectance 
of zucchini shows dimorphism between flower genders (J. M. Guerra-Sanz, A. Roldan, & 
A. Mena, personal communication, 2006), which may contribute to the selective forag¬ 
ing behavior found in bumble bees. Furthermore, the detection of the corolla’s nectar 
guides by pollinators might be influenced by the plastic cover of the greenhouse, because 
some materials reduce the ultraviolet (UV) of the daylight spectrum, as explained later. 

Recent studies indicate that the chemical components contributing to a flower’s fra¬ 
grance also play an important role in the attractiveness of flowers to bees (Henning et al., 
1990; Masson et al, 1993; Matile & Altenburger, 1988; Pham-Delegue et al., 1989). The 
chemical composition of flower volatiles may also affect bee behavior. Olfactory signals 
are rapidly learned, indicating that foraging behavior results from the association of 
plant allelochemicals acting as chemosensory cues for the bees (Pham-Delegue et al., 
1990). Moreover, the fact that in some cases bees are more attracted to flowers with a 
meager level of nectar than to those with high levels indicates that the olfactory signal(s) 
may be a dominant factor controlling bee behavior. Therefore, bee behavior is controlled 
by the integration of both perceived cues, such as color and/or fragrance, and the actual 
amount of a reward, such as pollen and nectar. Current studies have focused on describ¬ 
ing the importance of each factor and the interaction between them in the attractiveness 
of flowers to bees. The effects of flower rewards and cues have been investigated by our 
research group (Mena Granero et al., 2004; 2005a, 2005b), but it would be premature 
to speak about all horticulture-cultivated species. 


Impact of Physical Properties of Greenhouses 
on Pollinators 

Greenhouse Covers 

Rather than review all types of greenhouses, I summarize here the main ecological 
consequences that greenhouses impose on pollinators and their ability to pollinate. 
Generally, greenhouses are covered with glass or different types of plastic films, such as 
polyvinylchloride (PVC), polycarbonate (PC), and polyethylene (PE). PE is the most popu¬ 
lar of the plastic materials. Besides other aspects, all materials differ in their transmis¬ 
sion of UV light (wave length between 300 and 400 nm). UV-blocking plastic films help 
in decreasing the population levels of harmful insects in the crops (Costa et al., 2002). 
However, UV light is an important component of bee vision and orientation (Peitsch 
et al., 1992), and the degree of UV transmission through the greenhouse covering affects 
the behavior of bees used as pollinators. Under glass with a good UV transmission (up 
to 80%), bees behave normally. Under PVC or PC, with a very low UV transmission (less 
than 3%), they perform poorly, at least until they “learn” to cope with the lack of UV 
vision (see later in the chapter). 

A new integrated pest management (IPM) strategy in greenhouses is to block UV 
radiation for pest control (Soler et al., 2006; figure 3.1). In tomato greenhouses, 
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Wavelength (nm) 


Figure 3.1 Percent of light transmission of two greenhouse plastics: 
"normal plastic” without a UV filter (black line) and "antipest” plastic with 
a UV filter (black curve). 


however, reduced radiation interfered with the bees’ navigation ability and thus reduced 
their activity (Dag & Eisikowitch, 2005). In a bumble bee experiment, different behav¬ 
iors were noticed depending on the type of plastic cover used (Soler et al., 2006). Under 
UV-absorbing plastic significantly more bumble bees appeared at the nest entrance with¬ 
out flying to forage than was the case under plastic without UV filters. The bumble bees 
that did fly under UV-absorbing plastic spent more time at the platform nest entrance 
before flying. Bumble bees that returned from a flight spent more time at the entrance 
before actually reentering the nest. Under UV-blocking material, daily activity started 
slightly later in the day than under material without UV filters. 

Morandin and co-workers (2001) compared four types of PE, one with a high degree 
of UV transmission (called CT), the other three types transmitting only a small fraction 
(down to 0%) of the UV light. They found that the bees under the CT plastic made twice 
as many foraging trips as bees under the other three types. Moreover, fewer bees got lost 
under the CT plastic (136% more bees remaining after 10 days). Similarly, bumble bee 
colonies performed better, as measured by foraging visits to flowers, under UV-blocking 
plastics when some normal (UV-containing) daylight entered the greenhouse, for 
instance, through pieces of gauze screen. 

Dyer and Chittka (2004), using artificial tomato flowers offered at a distance of about 
1 meter under UV+ and UV— conditions, showed that bumble bees indeed detected the 
presence or absence of UV light. However, the bees were able to find the flowers under both 
conditions, presumably after learning to recognize flowers in the absence of UV light. 
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Enrichment of the Atmosphere With Carbon Dioxide 

In modern greenhouses, the CO 2 level is artificially increased to stimulate the growth of 
plants (up to three times the natural level of about 360 ppm). In some cases, measure¬ 
ments of CO 2 close to the gas outlets can be as high as 10,000 ppm. The activity and 
development of bumble bee colonies placed close to the outlets are negatively affected 
at values above 1,000 ppm. Research has shown that from 1,000 ppm upward bees 
become less active, and at around 5,000 ppm the first larval and adult mortality occur 
(van Doom, 2006). Colony mortality occurs above 15,000 ppm. Therefore, nest boxes 
must be placed away from the gas outlets (not underneath them and at least 1 m away 
from them), or the outlets near the nest boxes must be closed. Another interesting effect 
of C0 2 -enriched atmosphere was noticed in melons, in which C0 2 levels were found to 
affect the floral rewards by increasing nectar sugar concentration and possibly honey 
bee activity (Dag & Eisikowitch, 2000). 


Greenhouse Temperature and Humidity 

The amount of incoming pollen is influenced not only by the availability of pollen inside 
the greenhouse but also by bee foraging activity. Bumble bee workers usually do not 
forage at temperatures below 10°C (Heinrich, 1979). However, compared with other 
bees, including honey bees, they forage at relatively low temperatures. For this rea¬ 
son, they are highly esteemed as pollinators of protected crops growing under adverse 
climatic conditions (see, e.g., Abak et al., 1997, and Ercan & Onus, 2003, for pepper; 
Dasgan et al., 2004, for tomato; Abak & Dasgan, 2005, for eggplant). The foraging activ¬ 
ity of bumble bees is also affected by high temperatures (above 30°C). In plastic green¬ 
houses, maximum temperatures often rise above that level (up to around 40°C; Abak 
& Dasgan, 2005). Bumble bees limit foraging when the temperature rises above 32°C 
(Kwon & Saeed, 2003, for Bombus terrestris), although we have observed bumble bee 
workers foraging at 45°C (J. M. Guerra-Sanz & A. Roldan-Serrano, personal communi¬ 
cation, July 2004). They are able to fly at air temperatures up to 35°C, but they prefer 
to stay at the nest to ventilate the brood. Above 32°C, bumble bee workers not only stop 
foraging and start ventilating the brood, but they also stop feeding the larvae (Heinrich, 
1979; Vogt, 1986). Bumble bee larvae can starve for a considerable length of time (up 
to 2-3 days) before they die; however, a period of starvation results in a more prolonged 
developmental time (Plowright & Pendrel, 1977; Sladen, 1989; Sutcliffe & Plowright, 
1990). Nevertheless, because hot days usually are accompanied by periods with mod¬ 
erate temperatures during early morning and late afternoon (Abak & Dasgan, 2005), 
usually the pollination activity and, therefore, the pollen intake of the colonies will not 
be completely blocked. At around 40°C bees prevent their own bodies from overheating 
by becoming inactive, and they stop fanning. As long as they are ventilating the nest, 
they are able to keep the brood temperature equal to, or just above (1-2°), ambient tem¬ 
perature (Heinrich. 1979; Vogt, 1986), but at temperatures over 40°C they are not able 
to cool the brood below ambient temperature. Vogt (1986) suggested that the reason 
is that little or no evaporative cooling is used. It is well known that some other social 
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insects, such as honey bees and wasps, cool the nest by evaporating water that has been 
collected for that purpose (e.g., Wilson, 1971). Although there is no clear agreement on 
the temperature threshold limit, it has been indicated that an ambient temperature of 
40°C is about the maximum temperature at which bumble bee colonies can survive, on 
condition that a sufficient energy supply is available (van Doom, 2006). 

Pollen production occurs without any problems in regularly heated greenhouses 
in cold winter regions, such as in Holland. However, the amount and quality of pol¬ 
len decreases in regions with a mild winter climate (Abak et al., 1997). For example, in 
Turkey or Spain, heating is used to prevent frost only at particular times. Consequently, 
there are substantial fluctuations in greenhouse temperatures (at night in winter 
temperatures are low and in the daytime in spring temperatures are high inside the 
greenhouse; Abak et al., 1995). Other important problems from a climatic point of view 
are high humidity due to inadequate ventilation and low light permeability due to low 
quality of plastic covers. Both circumstances are limiting for quality pollen production. 
Because of the problems mentioned, greenhouse pollination has gained in relevance for 
research in the Mediterranean greenhouse region. 

A final consideration about temperature and bee behavior has been recently raised 
by Dyer et al. (2006), who demonstrated that bees prefer warm nectar to cool nectar and 
that they are capable of using color to predict floral temperature before landing. Floral 
color signals are used by pollinators as predictors of nutritional rewards, such as nectar. 
But as insect pollinators often need to invest energy to maintain their body temperature 
above the ambient temperature, floral heat might also be perceived as a reward. Bumble 
bees (Bombus terrestris) prefer to visit warmer flowers and can learn to use color to pre¬ 
dict floral temperature before landing. In what could be a widespread floral adaptation, 
plants may modulate their temperature to encourage pollinators to visit. 


Bees Used for Pollination in Greenhouses 
Bumble Bees: Commercial Use and Global Distribution 

A controversy has recently appeared over the use of certain bees in greenhouses 
(Velthuis & van Doom 2006): Is the domestication of a wild animal (or plant) enough 
reason to distribute it all around the world? Or should a species remain in only its origi¬ 
nal ecosystem or at least within its normal range limits? If so, who will make that deci¬ 
sion? And how would such a decision be enforced worldwide? The use of nonnative 
bumble bees illustrates this controversy (see also chapter 9 in this volume). On the one 
hand, there are opinions from conservationists; on the other hand, there are requests 
from tomato farmers and companies that commercially rear bumble bees. These latter 
individuals argue that they should be allowed to freely trade in bumble bees, with no 
concern about introducing an exotic species. Tomato farmers know that bumble bees 
pollinate tomatoes cheaper and better than any other technique. 

It would be naive not to recognize that unbridled exportation of a certain insect spe¬ 
cies to a new place certainly has environmental risks, despite whether colonization 
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of this new insect species had been assessed previously as causing no harm to natu¬ 
ral competitors (Nagamitsu et al., 2007). For example. European bumble bee diseases 
(Nosema bombi, Locustacarus spp., etc.) are claimed to have been spread to native bee 
species in Japan and New Zealand (Thorp, 2003) on account of the importation of B. ter- 
restris nests. Or the diseases may have been spread by rearing species native to Europe 
(e.g., B. ignitus) in the same commercial facilities as those used for B. terrestris and then 
sending those commercially reared native bees back to Japan, only now carrying the 
common diseases of B. terrestris. 


Bombus terrestris: A "Model" Pollinator 
for Greenhouse Use 

Bumble bees have an advantage over honey bees, especially in their foraging ability, 
because bumble bees can perform “buzz" pollination (Buchmann, 1983; Corbet et al., 
1988; Harder & Barclay, 1994). Because of their special attributes, bumble bees are often 
used as greenhouse crop pollinators. It has been estimated that the bumble bees sold in 
2004 were around 930,000 colonies of the Eurasian B. terrestris. around 55,000 colo¬ 
nies of the North American B. impatiens, and a few thousand colonies of the Eurasian B. 
lucorum. East Asian B. ignitus, and North American B. occidentalis (Velthuis & van 
Doom, 2006). Therefore, from a strictly economic standpoint, bumble bee rearing and 
marketing is a “big" business, worth several billion dollars. The production of bumble 
bee colonies has been incorporated into the larger agribusiness chain, but not without 
problems—including the exportation of new species to a continent or island, as previ¬ 
ously mentioned. 

It has been claimed that a bumble bee hive living in a greenhouse is subjected to the 
same restrictions as in a laboratory or rearing facility (Velthuis & van Doom, 2006), 
although some differences have been also raised. For example, the number of workers 
appears to diminish more quickly in the greenhouse than in a rearing facility for two 
main reasons: the poorer quality of food in a greenhouse compared with a rearing facil¬ 
ity and more acute temperature fluctuations in the greenhouse. 

There is great variation with respect to the maximum number of workers, queens, 
and males in colonies of each bumble bee species. Typically, colonies used for commercial 
pollination purposes are selected when the worker population reaches 50 individuals 
(Velthuis & van Doom, 2006), although these worker populations are small compared 
with natural colony sizes. Colonies of B. terrestris may produce up to 400 workers, with 
up to 200 queens and several hundred males. These figures are comparable to B. occi¬ 
dentalis. Colonies of B. impatiens become almost two times larger, and those of B. igni¬ 
tus, and certainly of B. lucorum, remain around one-half the size of B. terrestris colonies 
(Velthuis & van Doom. 2006). 

In B. terrestris, as in any bumble bee species, only queens hibernate. Single queens 
found a colony after hibernation. Initially, eggs are laid by the queen, and the subse¬ 
quent emergence of adults occurs in a stepwise fashion, such that a first, second, and 
third period of egg laying can be distinguished. During the first period of egg laying, 
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the queen lays fertilized (female-producing) eggs and behaviorally dominates the work¬ 
ers emerging from these eggs. These early emerging workers assist the queen in brood 
care. At some point later in the colony life cycle, the queen switches to laying unfertil¬ 
ized (male-producing) eggs (“switch point"), and, after that period, she loses control over 
worker reproduction (“competition point”). Usually, these events happen during the 
third period of egg laying, but they may also appear earlier. From the competition point 
onward, the most dominant workers lay unfertilized eggs, eat eggs laid by the queen or 
fellow workers, and may also attack each other or the queen. Moreover, during this com¬ 
petition phase, queens may be reared from the last fertilized eggs (van Honk & Hogeweg, 
1981; van der Blom, 1986; van Doom & Heringa, 1986; Duchateau & Velthuis, 1988; 
Roseler & van Honk, 1990). Colonies of B. impatiens, B. occidentalis, B. lucorum. and B. 
ignitus develop in a similar way (Hannan et ak, 1997; Asada & Ono, 2000), yet in B. 
impatiens the level of aggression during the competition phase has been found to be 
lower than in B. terrestris (Pomeroy, 1981; Cnaani et al., 2002). 

In the greenhouse, the colonies of the various bumble bee species develop as might be 
expected on the basis of the aforementioned laboratory experience. There is, however, 
a difference in the life expectancy of the workers: workers from free-foraging colonies 
have much shorter average life spans than workers from colonies kept in the laboratory. 
This is mainly due to the loss of foragers (Brian, 1952; Garofalo, 1978; van Doom & 
Heringa, 1986; Kiipper & Schwammberger, 1994; Katayama, 1996). The greater loss of 
foragers in the field can be explained in part by faster morphological and physiological 
aging (e.g., through wing wear; Cartar. 1992). This also applies to bumble bee foragers 
in a greenhouse environment. Furthermore, when nest boxes have been recently placed 
in a greenhouse and the vents are left open, foragers may get lost during their first orien¬ 
tation flight (if they leave the greenhouse through the vents and are unable to find their 
way back). Foragers may also leave the greenhouse in an attempt to collect food from 
outside the building (see later in the chapter). Furthermore, such foragers might get lost 
when the vents have been closed before they return. Other factors that influence the life 
expectancy of individual bees or the colony as a whole include food quality and avail¬ 
ability, environmental conditions, the position of the hives, the occurrence of predators 
and parasites, and the use of pesticides. 


Honey Bees: Management and Use 
of Hives in a Greenhouse 

Honey bees have long been recognized as excellent pollinators of many plants, includ¬ 
ing many crops such as peach, almond, pear, apple, and melon (McGregor, 1976; Corbet 
et ak, 1991). The main features that place honey bees ahead of other insects and other 
bees as pollinators are flower constancy, colony size, and recruitment behavior. When 
an individual worker bee forages, it normally visits only one type of flower at a time and 
ignores other flower types, even if they are more rewarding or closer. For example, a 
honey bee in an orchard might visit only apple tree flowers and ignore dandelion flow¬ 
ers, whereas another honey bee from the same hive might visit only dandelion flowers 
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and ignore apple tree flowers. Each bee stays constant to one flower species, although it 
may change to another if the flowers it is visiting become less rewarding. This behavior 
is pronounced in honey bees and bumble bees and sometimes even in butterflies (Free, 
1963, 1970; Goulson, Stout, & Hawson, 1997). Bees have difficulty collecting pollen 
from plant species if the pollen grains do not fit together well (Vaissiere & Vinson, 1994), 
so it is possible that pollen collection from more than one species would be difficult 
because grains might not assemble easily. However, this pollen-collecting problem does 
not explain why flower constancy is also shown by bees collecting only nectar. 

Although honey bees are excellent pollinators of many plants, they are not always 
the best pollinators for all plants. They have short tongues and cannot reach the nec¬ 
tar in deep flowers. For such flowers as those of fava beans (Kirk, 2004), long-tongued 
bumble bees are often better pollinators. Honey bees also require higher temperatures 
(> 12°C) in order to forage, so bumble bees may work better or forage longer in cool 
weather (Willmer, 1983). 

From a commercial point of view, honey bee hives are introduced into greenhouses 
mainly for pollination of “short”-blooming crops, such as melon and watermelon. 
However, for long-blooming crops such as pepper, cucumber, or zucchini, there may be 
problems with the maintenance of a hive because of the stress imposed by the green¬ 
house temperature fluctuations. 

In addition, some of the physical constraints imposed by the enclosures have to be 
taken into account before introducing honey bees into a greenhouse. For example, air¬ 
flow direction and level with respect to the hive location affect bee pollination activity 
and fruit set in melon. This phenomenon can be explained by the tendency of bees to fly 
upwind (Dag & Eisikowitch, 1995). 


Crop Pollination 

Floral Biology of the Most Common F~lorticultural 
Crop Species in Greenhouses 

Some crops set fruit parthenocarpically (e.g., some cucumbers and zucchini varieties), 
but this process does not always occur in the particular variety that is doing well in the 
market. Fruit and seed set are especially dependent on successful pollination when the 
species under consideration cannot or must not be automatically self-pollinated. This 
is true if flowers have any adaptation for the avoidance of selling: spatial (intrafloral 
herkogamy, monoecious, or dioecious dicliny) or temporal (dichogamy: protandry, pro- 
toginy) separation of stigma and pollen presentation or self-incompatibility (table 3.3). 

For crop production, some inconveniences can arise, especially in the cases of plants 
that exhibit andromonoecy, for example, eggplant and melon. In these cases, the abun¬ 
dance of pollen might be a hindrance for crop production, due to the selective foraging 
behavior that male flowers (which usually are more abundant than female or hermaph¬ 
rodite flowers in these species) can exert on pollinators. The permanence of this trait 
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Table 3.3 Floral biology and some important traits for pollination of the extra-early 
horticultural species. 


Species 

Floral Biology 

Nectar 

Pollen 

Special Traits 

Tomato ( Lycopersicon 
esculentum Mill.) 

Inflorescence 
Hermaphrodite 
flowers (Truss) 

Absent 

Poricide 

anther 


Pepper ( Capsicum 

Hermaphrodite (a 

Present 

Anther 

Nectar variability 

annuum L.) 

certain degree 
of dichogamy) 


dehiscent 

according to 
cultivar and 

season 

Eggplant (Solarium 
melongena L.) 

Andromonoecy 

Absent 

Poricide 

anther 


Melon ( Cucumis 
tnelo L.) 

Andromonoecy 
or Monoecy 

Present 

Anther 

dehiscent 


Watermelon 

(Citrullus lanatus ) 

Monoecy 

Present 

Anther 

dehiscent 


Zucchini ( Cucurbita 
pepo L.) 

Monoecy 

Present 

Anther 

dehiscent 

Floral anthesis 
very short 
(9 hours) 

Cucumber ( Cucumis 
sativus L.) 

Monoecy 

Present 

Anther 

dehiscent 

Cultivars with 
parthenocarpy 

Strawberry (F ragarla 
x ananassa ) 

Inflorescence 

Hermaphrodite 

flowers 

Present 

Anther 

dehiscent 



(andromonoecy) is usually sought by plant breeders because of its convenience for mak¬ 
ing hybrids, and breeders would be reluctant to change this trait. Other characteristics 
that would facilitate pollination are the amelioration of nectar production and produc¬ 
tion of scent volatiles, although these two traits are not usually targeted by breeders for 
improvement of any cultivar. 


Tomato Lycopersicon sculentum (Mill) (Family Solanaceae) 

A revision on tomato pollination has recently been reported (Westerkamp & Gottsberger, 
2000), which highlights the need for vibration to release the pollen from the tomato 
anthers. Anthers form a cone in which each anther is interconnected only by hairs. 
Pollen is shed into this cone and may escape only through a common opening at the tip, 
which is partly occluded by the style. To release pollen, the cone has to be vibrated by 
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bees capable of performing "buzz” pollination. This pollination by sonication is required 
even for self-pollination. 

Tomato flowers do not produce nectar, although it is still uncertain whether this 
is a trait found in wild Lycopersicon or whether it is due to domestication (Rick, 1950). 
Therefore, attractiveness to tomato flowers is mainly provided by pollen odor (Dobson & 
Bergstrom, 2000) and visual cues. The pollen odor originates from the pollenkitt, which 
contains volatiles that belong to the same chemical classes that are found in flower scent 
and that occur in species-specific mixtures. However, pollen odors differ from odors of 
other floral parts (Dobson & Bergstrom. 2000). Pollen-feeding insects can perceive pol¬ 
len odor and use it to discriminate between different pollen types and host plants. 


Pepper (Capsicum annuum L.) (Family Solanaceae) 

Compared with tomato pollination, very little research has been done on pepper pollina¬ 
tion, but it has been the subject of several controversial studies. For example, McGregor 
(1976) stated that peppers and other members of the Solanaceae are noted for their low 
attractiveness to honey bees. On the other hand, many researchers suggested that honey 
bees, thrips, and ants play a role in the cross-pollination of these flowers (Rabinowitch 
et al., 1993). In fact, the actual measurements of outcrossing under field conditions 
range from 2% to over 90%, depending on locality, environment, and space between 
plants (Pickersgill, 1997). 

Nectar-sugar composition in pepper flowers is contradictory because old studies 
(Martin et al, 1932) indicated only the presence of glucose, although presence of sucrose 
was unexplored. Rabinowitch et al. (1993) showed that pepper nectar contains only 
fructose and glucose, whereas Roldan Serrano and Guerra-Sanz (2004), using a differ¬ 
ent analysis technique, found fructose, glucose, and sucrose. However, different pepper 
varieties have been analyzed in each case, and therefore a clear result would need fur¬ 
ther analysis. Additionally, great discrepancies have been found between Rabinowitch 
et al. (1993) and our results (Roldan Serrano & Guerra-Sanz, 2004) on nectar volume 
per flower. Again, these significant differences may be due to different pepper varieties 
used in each study. 

Bee visits to pepper flowers indicate that they forage for nectar, trying to reach 
the bottom of the corolla where nectar drops are located (Rabinowitch et al.. 1993). 
Because of flower morphology, when the bees extend their tongue to reach the bottom of 
the flower, at the same time their bodies touch the anthers, provoking the release of the 
pollen from mature anthers. Pollen can be deposited by a bee on the stigma in a greater 
amount than in self-pollination due to the spatial disposition of sexual organs in pepper 
flowers. Fruits obtained from bee-visited flowers had a consistently greater number of 
seeds than self-pollinated flowers, and they were also greater in size, enhancing their 
market quality (Roldan Serrano & Guerra Sanz, 2006). 

Several pollinators have been used for pepper pollination in both commercial and 
research trials: (1) honeybees (deRuijter, van denEijnde,& van der Steen, 1991;Kubisova& 
Haslbachova, 1991; Dag & Kammer, 2001), (2) bumble bees, Bombus terrestris (L.) and 
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B. impatiens (Cr.; Abak et al., 1997; Meisels & Chiasson, 1997; Shipp et al., 1994; Dag & 
Kammer, 2001), (3) the solitary bee, Osmia cornifrons (Radoszkowski et al, 1991), and (4) 
the fly, E ristalis tenax (Jarlan et al, 1997). 

From all of these studies on pepper, it is clear that the activity of any pollinator 
improves the quality and/or quantity of the fruit obtained compared with controls of 
self-pollination. Abak et al. (1997), for example, stated that the average yield, weight of 
fruit, diameter of fruit, and the number of seeds increased by 4.0%, 10.0%, 6.0%, and 
12.5%, respectively, in the bumble bee-pollinated group of peppers compared with the 
control group in greenhouse trials. Similarly, in commercial greenhouses the average 
early and total yields of peppers increased by 29.6% and 22.4%, respectively, when polli¬ 
nated by insects; fruit weight, diameter, volume, and flesh thickness were also positively 
influenced. Meisels and Chiasson (1997) reported that a colony of 30-40 B. impatiens 
was evaluated for its effectiveness as a sweet pepper pollinator ( Capsicum annuum L. var. 
grossum cv. Superset) inside a screened greenhouse. Bombus impatiens activity in the 
nest and on flowers, individual B. impatiens flights, and the number of seeds produced 
per fruit were recorded during two periods: June 30-July 14 and August 4-18, 1995. 
Though activity continued inside the nest, B. impatiens worker foraging and colony 
size both decreased from one period to the next, yet there was no significant difference 
between periods for the number of seeds produced per fruit. Growers can expect effective 
pollination of sweet peppers by using B. impatiens throughout the growing season even 
with as few as 3 foragers per 425 plants (i.e., 176 B. impatiens foragers per hectare). 

The fruit setting of sweet pepper is readily achieved in the summer without any polli¬ 
nator in the greenhouse, but commercially viable fruit yields can be difficult to attain in 
the spring and autumn. The question has been raised whether insect pollination would 
improve fruit set in these cooler seasons. In autumn 1989 and spring 1990. experiments 
were carried out to compare fruit set of sweet pepper in greenhouses pollinated by honey 
bees with fruit set in greenhouses without bees. In both experiments, larger and heavier 
fruits with more seeds and fewer malformed fruits appeared after honey bees pollinated 
in the greenhouses. Nowadays, the use of honey bees to pollinate sweet pepper is a com¬ 
mon practice in the Netherlands (de Ruijter et al, 1991). 


Watermelon fCitrullus lanatus [(Thunb.) Matsum. 
and Nakai]) (Family Cucurbitaceae) 

Watermelon has staminate (male) and pistillate (female) flowers in the same plant. 
Sedgley and Buttrose (1978) reported that the proportion of staminate flowers in water¬ 
melon increased together with temperature and that light did not greatly influence floral 
sex expression. On the other hand, Hawker and colleagues (1983) asserted that flower 
anthesis in watermelon lasts 2 days at 25°C, whereas at 30°C, they are withered by the 
end of the first day. However, stigma exudates containing fructose, glucose, sucrose, and 
polysaccharides were more noticeable at 30°C and also increased with age, allowing 
more attraction of bees. Increased pollination was also a result of an increase in secre¬ 
tion of compounds by the stigma. 
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Studies of watermelon pollination have been increasing recently because of the 
increasing interest in “seedless" varieties. The pollination and fruit set of traditional dip¬ 
loid (n = 22) watermelon varieties have been well studied. However, pollination and fruit 
management of the crop has become complex due to the introduction of commercial 
triploid (n = 33) varieties (“seedless” watermelon). Triploid watermelon needs to be polli¬ 
nated and “fertilized” with viable pollen, yet triploid pollen is not viable. Therefore, some 
diploid plants must be grown together with the triploids in order to have enough viable 
pollen to obtain a reasonable yield. Real fertilization between diploid pollen and triploid 
ovules is not accomplished because there is no compatibility of chromosome number 
in the split of chromosome pairs. As a result, embryos are aborted (remaining in the 
fruit as empty seeds), but fruit is set, and growth and ripening starts as soon as enough 
diploid pollen is deposited in the stigmas. As a consequence of all this, a high pollination 
activity is needed for a triploid watermelon culture. Also, it is important to realize the 
competition established between diploid and triploid flowers in the same spot, because 
triploid flowers are bigger than diploid ones, having more nectar and pollen than the 
diploid, even though triploid pollen is not viable for fertilization (although the bees do 
not know that). One strategy aimed at “boosting" triploid watermelon pollination is 
the addition of honey bee brood pheromone inside the hives (Pankwit, 2004), and this 
technique has been already applied with great success (Guerra-Sanz & Roldan Serrano, 
2007), resulting in a better fruit size and sugar concentration. 

Watermelon flower attractiveness to pollinators has been studied (Wolf et al.. 1999), 
including not only commercial diploid varieties but also some hybrids between culti¬ 
vated and wild Citrullus spp. Differences are found among varieties, including daily nec¬ 
tar volume variation, sugar composition, and the number of honey bee visits to each 
variety. The frequency of bee visitations depends on watermelon genetics, as well as 
on environmental factors, such as temperature. Bee visits to watermelon flowers usu¬ 
ally peak in the morning hours, because high temperatures later in the day negatively 
influence bee activity. Another factor affecting the number of bee visits is competition 
between the various species in a given area. Wolf et al. (1999) stated that genetic vari¬ 
ability in attractiveness to honey bees was found within Citrullus, although floral attri¬ 
butes analysis indicated no genetic variability in flower size, amount of pollen grain, or 
nectar volume. However, differences were observed in the concentration of sucrose and 
total sugars in the nectar. A positive relationship was found between attractiveness to 
bees and nectar sugar concentration, suggesting that this characteristic is one of the 
parameters responsible for variability in attractiveness to bees. 


Zucchini: Cucurbita pepo (L.) (Family Cucurbitaceae) 

Zucchini is grown all over the world. Because cultivation in the field is restricted to 
spring and summer, the out-of-season production has to be maintained under protected 
cultivation, as in greenhouses. 

Zucchini is a monoecious plant, having male and female flowers produced on the 
same plant. Its floral biology has been studied extensively (Nepi & Paccini, 1993; Roldan 
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Serrano & Guerra-Sanz, 2005). Honey bees and bumble bees have been used to polli¬ 
nate zucchini in greenhouses (Guerra-Sanz et al., 2005), and pollination results in good 
fruit quality compared with fruit produced via parthenocarpic fertilization induced by 
growth regulators (Roldan Serrano et al., 2002; Guerra-Sanz et al., 2004). 


Seed Crops 

Crops cultured specifically for seed production are seldom grown in greenhouses. For 
the few that are grown in greenhouses, normally seed companies prefer manual pol¬ 
lination. Moreover, breeders try to avoid allowing any pollinator insect into the green¬ 
house facility during the pollination period to avoid uncontrolled pollinations. Only in a 
few cases can pollination by insects be considered, for instance, to produce seeds of pure 
lines from a determined lineage. In this case, the plants can be pollinated by a few pol¬ 
linators if the plants and the pollinators are '‘jailed" within a small greenhouse or net¬ 
ted area within a larger greenhouse. It has been demonstrated that bumble bee drones 
behave very well in these cases and that an entire bumble bee colony is unnecessary 
(van Doom, 2006). 


Interactions Between Pollination and Pest 
Management in Enclosed Systems 

The use of bees, and especially bumble bees, for pollination has led to a decrease in 
the use of pesticides for crop protection (Velthuis & van Doom, 2006). In general, an 
increased emphasis on IPM practices is more frequent among users of bumble bee hives 
because they can manage bumble bees to minimize interruptions of pollination due to 
pesticide applications. 

However, there are some inconveniences for bees on account of the IPM practices, 
such as the catching of bees and bumble bees on sticky traps, which are commonly 
used for trapping pests inside a greenhouse. The two main sticky trap colors are yellow 
and blue (Gillespie & Vernon. 1990). Because of the color attraction to specific pests, the 
first is mainly used to trap whiteflies and the second to catch thrips. A great number of 
worker bumble bees (probably juvenile adults without experience) were caught in blue 
traps (personal observations). The same phenomenon also has been observed for honey 
bees with yellow traps (personal observations). Assessments of the reflection spectrum 
of these traps have not found any particular spectral peak that could be the cause of the 
attraction of the bees. We can only speculate that the sticky surface, made with a gum 
that reflects sunlight, produces crystal reflections that attract bees. 


Conclusion 

For my work group, the question of introducing an exotic species into a different ecosys¬ 
tem is personal. In fact, it is an ethical question, not a matter of ecology, biology, or even 
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an economic issue. Of course, ecology, biology, or economy should also be considered 
in answering the question, though the solution is not on the scientific side but on the 
ethical side. Otherwise, the point at issue will remain without response forever, because 
people from both sides (conservationists vs. farmers plus rearing companies) will have 
arguments in favor of and against, which would extend our discussion ad infinitum. In 
chapter 9 of this book, the reader will find more on this matter from the point of view of 
biology and ecology, which could help to make up one's mind on the issue. Certainly, the 
answer to the problem is not an easy one, and probably the views of everyone involved 
must be obtained in order to find a good solution. 

Increasing awareness for greenhouse pollination techniques and studies has 
occurred over the past years, many of them inspired by the introduction of new cultures 
in greenhouses, such as triploid watermelons. Our forecast for greenhouse cultivation 
is very positive due to the high incomes generated by extra-early horticulture crops. 
New and more thrilling events are yet to come, such as the search for new pollinators. 
Generally speaking, greenhouse culture is expanding all over the world, and, together 
with the use of pollinators, real advances in IPM practices are growing, which gives a 
very positive and hopeful scenario for this particular corner of agriculture. 
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4 Pollinating Bees Crucial to Farming 
Wildflower Seed for U.S. Habitat 
Restoration 

James H. Cane 


Background 


Native plant communities and ecosystems of the western United States are increasingly 
besieged by invasive weeds and grasses of Eurasian origins. Federal land managers over¬ 
see 40 million ha in the Great Basin region of the western United States. Its valleys are cold 
desert steppe vegetated by grassy shrublands; these are interrupted by forested moun¬ 
tains. The Great Basin and Columbia Plateau ecoregions (figure 4.1) together include 
about one-half of North America’s remaining 43 million ha of sagebrush (Artemesia spp.) 
plant communities (Wisdom et al., 2005). The health and extent of these communities 
are fast diminishing, with dire consequences for many plant and animal inhabitants. 
The most charismatic of these is the sage grouse, but 206 other species warrant con¬ 
servation concern (Wisdom et al.. 2005). Cheatgrass (smooth brome, Bromus tectorum), 
a flammable annual grass from the Mediterranean, has invaded 11 million ha of the 
Great Basin northward into the Columbia Plateau, an area equivalent to that of Cuba, 
Hungary, or Virginia. Cheatgrass is quite literally fueling a dramatic increase in the fre¬ 
quency and extent of wildfire across the region, degrading native plant communities and 
presumably their dependent native bee faunas. In Nevada alone. 1,000 wildfires burned 
200,000 ha of rangeland from 2000 to 2002, half of it sagebrush communities (Wisdom 
et al., 2005). Besides direct fire suppression efforts, land managers have also sought to 
break this intensified fire cycle by rehabilitating native plant communities, primarily 
through direct seeding following wildfire (Monsen & Shaw, 2001). This reseeding strat¬ 
egy to restore native plant communities on western public rangelands, if successful, may 
be comparable to fire suppression in cost but will have more enduring habitat value. 
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Figure 4.1 A map of the western U.S. Intermountain Region show¬ 
ing the hydrological Great Basin (shaded circle), which botanists often 
recognize as a single floristic region. 

Recent Great Basin reseeding efforts to rehabilitate rangelands have been ambitious. 
However, native wiidflowers are barely represented in these seed mixes, in terms of either 
volume or diversity, a circumstance that a new research program seeks to redress. The 
program scale has no precedent. From 1999-2004, massive wildfires burned across the 
western United States. In response, federal agencies distributed more than 6,500 metric 
tons of seed. Since the 1970s, the reseeding mixes have consisted of about one-third each 
of exotic grasses, native grasses, and native shrubs (Monsen & Shaw, 2001). Native flower 
seed constituted a mere 0.5% of the mix, most of that being a native yarrow, Achillea 
millefolium L. Dramatically more wildflower seed, about 150 tons each year, is sought 
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by western land managers to rehabilitate the hundreds of thousands of hectares that 
annually burn in the Great Basin and adjacent biomes (Scott Lambert, National Seed 
Coordinator, Bureau of Land Management, 2007 personal communication). The sage 
grouse is hoped to be a major beneficiary; this endemic bird is otherwise fast becoming 
endangered. Native shrub seed for such restoration continues to be harvested directly 
from nature. Though cost effective for shrubs, wild harvest is impractical and unreliable 
for native wildflowers, as it yields paltry quantities of expensive seed. For example, wild- 
harvested seed of Hedysarum boreale was recently being marketed for US$110 per kilo¬ 
gram and that of Sphaeralcea ambigua for US$180 per kilogram. Budgetary constraints 
and harvest inefficiencies will forever limit the volumes of most wild-harvested wild- 
flower seed that can be bought to satisfy these reseeding programs. 

A cadre of innovative commercial growers are farming fields of the native grasses 
and, more recently, experimentally farming several of the native wildflower species 
desired for restoration seed. With the advent of the Great Basin Native Plant Selection 
and Increase Project in 2001, farming practices are being developed for 16 eudicot 
flowering species (table 4.1) native to the Intermountain Region, especially the Great 
Basin, but including the Columbia Plateau to the north and the Colorado Plateau to the 


Table 4.1 Wildflower species desired for rangeland rehabilitation 
in the U.S. Intermountain West. 


Family 

Species 

Apiaceae 

Lomatlum dissectum (Nutt.) Math. & Const. 

L. triternatum (Pursh) Coult. &Rose 

Asteraceae 

Balsamorhiza sagittata (Pursh) Nutt. 

Crepis acuminata Nutt. 

Cleomaceae 

Cleome lutea Hook 

C. serrulata Pursh 

Fabaceae 

Astragalus filipes Torr. 

Dalea ornatum (Dougl.) Barneby 

D. searlsiae (Gray) Barneby 

Hedysarum boreale Nutt. 

Lupinus argenteus Pursh 

L. serlceus Pursh 

Malvaceae 

Sphaeralcea grossularifolia (H. & A.) Rydb. 

S. munroana (Dougl.) Spach. 

Plantaginaceae 

Penstemon speciosus Dougl. 

Polygonaceae 

Eriogonum umbellatum Torr. 
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southeast. They were chosen in part for being regionally widespread, common within 
native plant communities, broadly adapted at mid- and lower elevations, tolerant of fire, 
and palatable to wildlife and for having practical promise for farming (e.g., mechanical 
harvest). By harnessing the efficiencies and reliability of modern agriculture, the hope is 
to dramatically boost seed production while slashing seed costs. 


Applied Pollination Paradigms 


For the successful farming of wildflower seed, each flowering crop’s pollination needs 
must be understood and satisfied by practical means. Three of the four approaches to 
agricultural pollination are relevant and context-specific: (1) renting hives of managed 
honey bees, (2) managing nesting of nonsocial bees in provided substrates, and (3) prac¬ 
ticing on-farm pollinator stewardship to favor unmanaged nesting populations of local 
wild bee communities. The fourth alternative, which is purchasing disposable hives of 
bumble bees, will likely prove impractical for reasons discussed herein. A novel mix of 
these pollination strategies is being developed for farmed wildflowers. 

Applied pollination ecology is practiced in two traditional arenas, agriculture and 
wildflower conservation. Their unusual marriage in this program brings novel chal¬ 
lenges and opportunities. In agriculture, extensive monocultures of food, forage, and 
fiber crops are farmed far beyond their geographic points of origin. Most pollinated 
crops are either herbaceous annuals or woody perennials, such as orchard fruits. Each 
crop’s pollination needs and benefits are generally well understood (Free, 1993: Klein 
et al, 2007). Most crops are derived from decades, if not centuries, of artificial selec¬ 
tion and sometimes controlled hybridization. Prolonged plant breeding often modified 
their reproductive biologies, inadvertently or intentionally eliminating physiological or 
mechanical barriers to selling while favoring passive autopollination. The wild progeni¬ 
tors of a few crop species are extinct (e.g., onions, Allium cepa ) and, with them, knowl¬ 
edge of their former natural pollinator faunas. 

Farming Great Basin wildflowers for restoration seed contrasts sharply with farming 
our traditional crops, with profound consequences for pollination needs and pollinator 
management. Only two of the species are annuals: the rest are perennial, but herbaceous. 
They are being grown in or near their native geographic ranges. We are ignorant of their 
pollination needs and benefits, often for entire genera, sometimes even for tribes (Cane, 
2005,2006a) or families (e.g., Cleomaceae). The Association of Seed Certification Agencies 
(AOSCA) has promulgated new standards and protocols for native seed collection and cer¬ 
tification called the “source identified class.” It dictates <5 generations in cultivation before 
returning to geographically explicit wild seed sources. Artificial and inadvertent selection 
are being minimized and genetic diversity maintained in order to retain regional adapta¬ 
tions relevant for wildflower establishment once seeded back into wildlands. These objec¬ 
tives, strategies, and problems have no precedent in agriculture, although the tools and 
farming practices are mostly borrowed and adapted from traditional agriculture. 

The second realm of applied pollination ecology addresses the breeding and polli¬ 
nation biology of wildflowers in a context of species conservation. Most of the funding 
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focuses on specific threatened or endangered plant species growing in situ. Failed sexual 
reproduction has been a tenable explanatory hypothesis for rarity of endangered wild- 
flowers, but more recent accumulating evidence implicates other factors, primarily hab¬ 
itat loss, for the endangerment of most continental flowering species that are pollinated 
by insects (Tepedino, 2000). Unlike crop plants, these rare wildflowers enjoy adequate 
natural pollination service, partly because their floral densities fall far short of those 
experienced in cropped monocultures, and so the densities of unmanaged wild pollina¬ 
tors typically suffice. Many ecologically important plant genera lack such endangered 
species (or they have not been studied). Consequently, studies of endangered wildflowers 
leave us surprisingly ignorant of the breeding biologies and pollinators of the numerous 
native wildflowers that dominate plant communities targeted for ecological restoration 
(Cane, 2006a), including those of the Great Basin. Thus neither agricultural nor con¬ 
servation contexts for applied pollination research provide a satisfactory blueprint to 
address pollination needs of farmed native wildflowers whose harvested seed will later 
be used to rehabilitate and restore native plant communities. 


Pollination Needs 

None of these Great Basin wildflowers that are under study in this project is wind pol¬ 
linated, and none proliferates vegetatively. Only one species, Crepis acuminata, can set 
considerable seed without pollinators; most of its populations include numerous poly¬ 
ploid individuals that can reproduce asexually through apomixis (Babcock & Stebbins, 
1938). Even for the more self-fertile species, comparatively little seed results from auto¬ 
pollination (unaided pollen transfer; figure 4.2). The two Cleome species constitute a par¬ 
tial exception, as mechanical jostling of densely grown flowering stands nearly doubled 
fruit set in cages (37% vs. 19% (Cane, 2008)). Nevertheless, all nine species studied at my 
laboratory have produced dramatically more seed with pollinator visitation (see figure 
4.2). Northern sweetvetch (Hedysarum boreale ) sets no fruit or seed at all if pollinators are 
excluded from its flowers (Swoboda, 2007). The species also vary in their degrees of self¬ 
fertility, a trait useful for colonization. Outcrossing has yielded more modest gains in 
seed or fruit production (figure 4.3). These gains are nonetheless substantial. For exam¬ 
ple, outcrossing by Astragalus jilipes doubles seed yields and could thereby halve seed 
prices from the same field. For a few cases, such as H. boreale, flowers pollinated freely 
by bees set more seed than even our manual outcrossing treatments, suggesting further 
nuances for maximal seed set (Swoboda, 2007). Overall, if literally tons of wildflower 
seed will be produced cheaply and profitably, then fruit and seed set must be maximized 
through judicious use of reliably abundant and effective pollinators. 

Pollinator guilds of each of these wildflower species consist exclusively of insects. For 
12 species, I have systematically sampled 1-6 floral visitor guilds in 1-3 states, along 
with any bees in our experimental common garden in Logan, Utah. Native bees, some¬ 
times joined by honey bees, dominate most of the guilds, with up to 29 bee species repre¬ 
sented in pooled guild samples of no more than 200 individuals. The small floral visitor 
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Reproductive Gain With Pollinators 

Figure 4.2 Western wildflowers grown for rangeland restoration and their requirements 
for pollinators. Using seed yield per inflorescence, reproductive gain was calculated as the 
average yield of seeds from flowers open to pollinator visits, divided by the yield from flowers 
bagged in mesh netting that excluded pollinators but allowed wind pollination and autopol¬ 
lination. Treatments were either paired within plants or randomly assigned among plants. 
Pollinator numbers were not supplemented. Note that the abscissa is a multiplier, not a 
percentage. 
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Reproductive Gain With Cross-Pollination 

Figure 4.3 Self-fertility of western wildflowers grown for rangeland restoration in the 
Western United States. Flowers netted or caged to exclude insect visits were manually pol¬ 
linated with pollen from either the same or a different plant. Plants (8-25 per species) were 
grouped for each replicate treatment. 
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guild at Penstemon speciosus constitutes one exception. Its two specialist Osmia bees are 
joined by another prominent visitor and likely pollinator, the pollen wasp, Pseudomasaris 
vespoides (Masaridae), which frequents flowers of this genus (Tepedino. 1979). The two 
Cleome species are again exceptional, too, their prodigious and accessible nectar attract¬ 
ing diverse nectarivorous insects, primarily butterflies, bees, and wasps. Their wild pop¬ 
ulations have yet to be systematically sampled. Curiously, although these Cleome flowers 
are visited and readily pollinated diurnally, I have found that their anthers dehisce and 
stigmas become receptive nocturnally (Cane, 2008). In desert basins (but not at the 
common garden) their flowers might also be visited by moths. The other wildflowers are 
all diurnally pollinated. Overall, it has become clear that each of these wildflower spe¬ 
cies needs pollinators. Bees are the predominant and diverse group of visitors populat¬ 
ing nearly all of their floral guilds. Bees seem likely, therefore, to be generally essential 
for these wildflowers’ seed production. 


Pollinator Options 

Honey Bees 

The European honey bee ( Apis mellifera ) continues to be the versatile workhorse of agri¬ 
cultural pollinators. In many developed countries, hives of honey bees are typically 
rented from professional migratory beekeepers who transport palletized hives to pol¬ 
linate sequentially flowering crops. Honey bees are, therefore, the obvious default choice 
to pollinate farm fields of wildflowers, too. Even at a rental cost of US$100 per hive, a 
strong colony’s 10,000 foragers are cheap, each rented forager costing the grower 
1 cent. As an added advantage, once a beekeeper is contracted and arrives with rental 
hives, a grower has no further pollination inputs or concerns. 

But honey bees do have drawbacks, some of which are specific to the practicalities of 
wildflower seed production: 

1. Some of today’s native seed growers are distant from regions in which migratory bee¬ 
keepers pollinate crops. Delivering small numbers of rental hives to a small, out-of- 
the-way wildflower grower will often be inconvenient at best. 

2. Mite-borne diseases have decimated feral honey bees and thinned the ranks of hob¬ 
byist beekeepers, while doubling costs for commercial hives. Hence, feral or locally 
owned colonies may not exist. 

3. For certain seasons and regions, pollination demand exceeds hive availability, most 
notably in the early spring when tree fruits and almonds bloom in the western United 
States. 

4. Field size for a given wildflower seed crop is likely to remain small by some agricul¬ 
tural standards. If a given cultivated wildflower species has but mediocre attraction 
for foraging honey bees, their broad floral preferences and flight vagility will allow 
them easy access to alternative floral hosts in neighboring fields, fallow areas, or sur¬ 
rounding wild lands. 
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5. Lastly, honey bees may be ineffective pollinators for a given wildflower species. For 
these reasons, honey bees will be impractical pollinators for some native wildflower 
seed crops. 

For a few traditional crops, nontraditional bees are superior pollinators and can be 
effectively managed in the large numbers that are needed. Sometimes these alternative 
pollinators are useful only in particular cultural or economic contexts for a given crop, 
such as the use of Osmia cornifrons (Megachilidae) to pollinate apples only in Japan, or 
the use of several Bombus species whose commercial colonies are shipped great distances 
to pollinate tomatoes in North America, Europe, and the Mediterranean, but only in 
greenhouses (see chapters 3 and 9, this volume). Whatever the pollinator, economics and 
practical considerations for managing the bees and the crop constrain our options for 
reliably supplying large numbers of dedicated pollinators to a given crop monoculture. 


Bumble Bees 

My bee surveys revealed bumble bees to be often ubiquitous and sometimes common 
members of these wildflowers' pollinator guilds. They avidly visit and effectively pol¬ 
linate two of the four species of legumes, Astragalus fllipes and Hedysarum boreale. In 
our common garden and in trial cultivation plots, unmanaged bumble bees also have 
proven to be excellent pollinators of Penstemon speciosus, although they were not seen at 
this Penstemon in the wild. Stewardship of unmanaged bumble bee populations in and 
around native seed farms (see chapter 2, this volume) might therefore pay dividends in 
seed yields to growers. However, commercial bumble bee colonies are costly for open- 
field pollination, with individual foragers costing about one hundredfold more than 
rented honey bees. Purchased bumble bee colonies are short-lived, shifting production 
from workers to drones and queens after a few months. Hence, they are disposable. For 
now, they are economically practical only when foragers pollinate highly valuable crops 
in confinement, such as greenhouses (see chapter 3, this volume). Off-season or early 
season fruit production in greenhouses gives growers profitable marketing advantages 
that justify the costs of disposable bumble bee colonies. However, there is no incentive in 
being the first grower of the year with fresh wildflower seed, and so no justification exists 
for greenhouse cultivation and its attendant bumble bee colony purchases. For native 
seed crops flowering in open fields during the growing season, pollinators less expensive 
than commercial bumble bees should be able to satisfy pollination needs. 


Currently Managed Nonsocial Bees 

Some managed but nonsocial bees are likely to find use in pollinating wildflower seed 
crops. In North America, farm management protocols exist for three species. The alfalfa 
leafcutting bee ( Megachile rotundata) and the blue orchard bee ( Osmia lignaria) nest above 
ground in cavities, whereas the alkali bee (Nomia melanderi ) nests underground. As 
with any bee, nesting needs, flight seasonality, floral host preferences, and pollination 
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efficacy together will define their promise as pollinators of a native wildflower species for 
seed production. The question then remains: Can we sustainably manage these bees in 
large enough numbers to adequately stock wildflower production fields? 

Management methods and markets are mature for the alfalfa leafcutting bee (see 
chapter 7, this volume): this bee has revolutionized alfalfa seed production over the past 
40 years (Stephen, 2003). It does require summer's warmth for development and flight, 
precluding its use for pollinating springtime wildflowers. It is particularly adept at polli¬ 
nating small-flowered legumes such as alfalfa. The prairie clovers ( Dalea ) are also small- 
flowered, summer-blooming, herbaceous perennial legumes, two of which are desired 
for Great Basin reseeding (see table 4.1). A third (prairie) species, Dalea purpurea, was 
commercially available for immediate transplant into our outdoor trial garden, and so 
I used it as a surrogate for the Great Basin species that were being grown from seed. 
As expected, the alfalfa leafcutting bee was found to freely forage at its uncaged flow¬ 
ers, choosing to provision its nest cells solely with D. purpurea pollen. Stigmatic contact 
appeared inevitable because the bees scrabbled for pollen on the dense inflorescences. I 
obtained substantial seed sets per plant (>20,000 seeds, and up to 80% seed set; Cane, 
2006a). 

Honey bees, bumble bees, and several wild solitary bee species were also seen visit¬ 
ing these Dalea flowers concurrently with the alfalfa leafcutting bee, so the leafcutting 
bee’s specific contribution to pollination awaits assessment. In cages, at least, alfalfa 
leafcutting bees are useful in cross-pollinating small-flowered specialty seed crops (e.g., 
carrots: Tepedino, 1997) or hybrid foundation seed or in regenerating small lots of seed 
for seed repositories, showing more versatility than might be expected from their floral 
foraging preferences. This leafcutting bee could likewise be flown in field cages to bulk up 
small lots of seeds harvested from wild stands of forbs. This could yield the several kilos 
of clean foundation seed to be later sown by growers ( Lomatium is an apt candidate, also 
being of the carrot family). The field pollination needs of several of the summer-blooming, 
small-flowered wildflowers such as Dalea spp. could be satisfied by alfalfa leafcutting bees 
as well, managed in the same way as for fields of seed alfalfa (see chapter 7). 


Ground-Nesting Bees of Agriculture 

The pollinator guilds of all of the target wildflower species I have surveyed thus far 
include multiple species of ground-nesting bees, sometimes to the exclusion of any other 
kind (e.g., for Lomatium dissectum). Numerous other ground-nesting bees effectively 
pollinate various crop species as well (Cane, 1997), but only the alkali bee, Nomia melan- 
deri, is intensively managed (Johansen et al., 1978). Like the alfalfa leafcutting bee, it 
flies soon after midsummer and is used to pollinate seed alfalfa (Cane, 2002; see also 
chapter 7, this volume). It may prove useful to pollinate species of Dalea and Cleome; 
C. lutea is suspected to be a key natural floral host of the alkali bee (Richard Rust, 
personal communication, 2006). 

Unlike the alfalfa leafcutting bee, the alkali bee presents daunting nest establish¬ 
ment challenges typical of other ground-nesting bees. It requires silty subirrigated 
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soils with salty surfaces. Managed aggregations can be densely populous (more than 
5 million females) and can endure for 50 years or more (Cane, 2008). However, where 
naturally silty, subirrigated soils are absent, these earthen nesting sites can be difficult 
and expensive to construct. Nest sites are then populated by coring, transporting, and 
inserting hundreds or even thousands of large 30 kg soil blocks bearing overwintering 
prepupae. The blocks are punched from the parent aggregation using custom hydraulic 
tools. Native seed crops might be profitably produced adjacent to managed alkali bee 
aggregations, a novel strategy of bringing the crop to the bee rather than vice versa. 
However, unless wildflower seed growers have the long-term commitment of many 
alfalfa seed growers to maintain nesting populations of the alkali bee, active manage¬ 
ment of this and other ground-nesting bee species is impractical or impossible for agri¬ 
cultural pollination, including wildflower seed production. 

In only a few cases have wild but unmanaged ground-nesting bees proven to be 
both effective and adequately abundant across the entire range of cultivation for any 
one crop. In the southeastern United States, the southeastern blueberry bee (Habropoda 
laboriosa ; Apidae) and bumble bees are together responsible for pollinating farmed rab- 
biteye blueberries ( Vaccinium ashei) on all but the largest farms (Cane & Payne, 1993). 
At some North American gardens and commercial fields of squashes and pumpkins 
(Cucurbita spp.), the squash bees (esp. Peponapis pruinosa; Apidae) satisfy pollination 
needs (Hurd et al., 1971; Tepedino. 1981; Roulston et al., 1996; Shuler et al. 2005). 
A collaborative survey of pollinators amid cultivated squashes and pumpkins is demon¬ 
strating the predominant pollination service of Peponapis bees throughout most of the 
Western Hemisphere (Cane et al., unpublished data). Nesting populations of P. pruinosa 
can apparently increase enough to pollinate cultivated squashes and pumpkins at field 
sizes up to at least 75 ha. (R. Hammon, personal communication, 2006). Both H. labo¬ 
riosa and P. pruinosa are ground-nesting floral specialists that effectively pollinate their 
respective crops (Tepedino, 1981; Sampson & Cane, 2000). Importantly, both crops are 
typically grown at a location for years at a time, accommodating the slow growth of 
pollinator populations detailed subsequently. 


Untried Bees to Manage 

Potentially manageable, effective pollinators exist among North America’s 4,000 non¬ 
social bee species. Most promising are the 139 species of North American Osmia, for half 
of which species we already know basic nesting habits and many of which are cavity 
nesters (Cane et al, 2007). Some have proven themselves amenable to artificial nesting 
substrates to pollinate various perennial crops (e.g., apples, raspberries, almonds; see, e.g., 
Bosch, 1995; Torchio, 2003; Cane, 2005, 2006b). Unlike species of Megachile or Hoplitis, 
which overwinter as prepupae, all Osmia overwinter as adults. As a group, Osmia are 
therefore more phenologically versatile, some species emerging with the first warm days 
of spring (e.g., 0. lignaria: see chapter 6, this volume). Others, such as 0. bruneri (Frohlich. 
1983) or 0. sanrafaelae (Parker, 1985), require days of warm incubation that delay their 
emergence until midsummer. To match on-farm bloom phenology, emergence date for 
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a given Osmia species can be manipulated somewhat to shift it earlier or later by several 
weeks. Alternatively, populations can be sourced from places with cooler or warmer cli¬ 
mates to better match a seed crop’s local blooming schedule. If a wildflower is farmed 
for seed where its natural bloom time is advanced or retarded, novel matches of bee and 
wildflower are possible. One or more species of Osmia are usually present and sometimes 
prevalent in the guilds of floral visitors that I have thus far sampled at the wildflowers 
targeted by this project (e.g., dominating every one of 21 Astragalus fllipes populations 
sampled in four states). Some of these cavity-nesting Osmia occur in more than one floral 
guild. For instance, I have sampled 0. bruneri at three of the four legumes (Hedysarum 
boreale, Astragalus fllipes and Lupinus sericeus). Such floral versatility foreshadows man¬ 
aging one Osmia bee species for several different flowering crops. 


Unmanageable Bees to Try 

Unmanaged wild bees pollinate these wildflowers in nature, so why not rely on this strat¬ 
egy for farmed wildflower seed crops as well? In wildflower fields of several native seed 
growers, I have found ground-nesting native bees foraging and nesting, albeit in sparse 
numbers. In home and market gardens, ratios of bloom to nearby nesting opportunities 
can yield satisfactory densities of such wild pollinators. However, at larger commercial 
field sizes, wild pollinator numbers typically become greatly diluted (e.g., Scott-Dupree & 
Winston, 1987), hence the need to supplement with managed pollinators. To be profit¬ 
able, most family and corporate farms of the developed world must depend on either 
mechanization and economies of scale or niche marketing. Farmed flowering mon¬ 
ocultures present a “sea of bloom" to bees, with plentiful pollen and nectar rewards. 
Insufficient undisrupted nesting opportunities may limit growth and ultimate size of 
nonsocial bee populations, judging from the inadequate pollination service provided by 
unmanaged bees in larger fields and orchards. 

Nesting opportunities for wild bees are often restricted to the field perimeter, which 
likely explains their sparsity in the larger fields and orchards of commercial agricul¬ 
ture. When nesting is restricted to field margins, simple edge:area relationships dictate 
that nesting densities must double for every fourfold increase in field size to maintain 
constant floral visitation intensity in the field. The predicament is obvious for those non¬ 
social cavity-nesting bee species that nest in abandoned beetle burrows in dead wood 
or in pithy dead twigs or stems. These nesting opportunities are scarce or nonexistent 
within larger fields and orchards in many farming regions. Bumble bees may fare no 
better, because most species nest either above ground in tree hollows or underground in 
abandoned nests of rodents or other small mammals. 

Even for ground-nesting nonsocial bee species, fields and orchards rarely offer suf¬ 
ficient nesting habitats to match the prodigious pollination needs of traditional crops. 
These constraints likely foreshadow similar problems for wildflower seed growers who 
expect to depend on unmanaged pollinators. Most ground-nesting species seek patches 
of exposed, sunlit bare soil, sometimes as vertical embankments. Farming practices and 
crops themselves often limit these opportunities, owing to impenetrable shady canopies 
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(e.g., seed alfalfa, cranberries), impermeable plastic mulches (e.g., commercial strawber¬ 
ries), or dense interalley turf (e.g., tree fruit orchards, blueberries). Even for crops such as 
sunflower with suitably exposed soil (Wuellner, 1999), controlling weeds during bloom 
by interrow cultivation buries these bees’ nest entrances. Deeper nesting species escape 
tillage damage once their nesting season is done. Not so for bees nesting shallowly in 
the soil, whose nests are destroyed by cultivation. Their stewardship may require year- 
round no-till practices. These shallow nesters include all of the species of Megachile 
(Eickwort et al., 1981) and Osmia (Cane et al, 2007) that nest shallowly underground, 
which are the very species I have sampled from pollinator guilds of Astragalus, Crepis, 
Hedysarum, Lupinus, and Penstemon (see table 4.1, figure 4.2). This group of ground-nest¬ 
ing bees also includes effective pollinators of traditional crops (Hobbs, 1956; Cane et al., 
1996). Whether or not they can ultimately satisfy the pollination needs of native seed 
growers remains to be seen. 

Growers will need patience with the realized reproductive outputs of unmanaged 
solitary bees; they multiply slowly for an insect. A female of a nonsocial species starts 
life with 30 or so eggs. Half or more of these will yield males. Females of most species will 
typically provision only one or two nest cells daily during good weather. Larval diseases 
and nest parasites and predators can subtract substantially from a mother bee’s repro¬ 
ductive output. Hence, in the first years that a crop blooms, starting numbers of unman¬ 
aged bees will fall far short of densities needed to satisfy the sudden pulse in pollination 
need. Numbers of unmanaged pollinators will likely remain inadequate for some years 
while their populations gradually grow. Overstocking of managed species, such as honey 
bees, may further retard this growth through floral resource competition. Wild bees 
may initially be more populous if availed another adjacent, usable flowering crop in the 
preceding years. The circumstances on most wildflower seed farms tend to match those 
found to favor pollination of traditional crops by unmanaged wild bees: fields adjacent 
to wildlands, small field size, little insecticide use, and either alternate floral resources 
nearby (for floral generalists) or a perennially grown crop that blooms year after year 
(for its floral specialists). Even under these conditions, adequately abundant managed 
pollinators will be needed initially to pollinate the crop, serving as a bridge between the 
first years of a new wildflower crop and the year when the numbers of wild bees finally 
grow to satisfy pollination needs. If and when patient stewardship results in sufficiently 
populous ground-nesting pollinators to service bloom, they might be the least expensive 
and simplest means of pollinating a given wildflower crop. 


Flow of Research 

Research for this program must progress simultaneously on multiple fronts to keep apace 
of grower needs (Bosch & Kemp, 2002). I am following a logical sequence of steps: 

1. Plots of source-identified wildflowers are needed in our common garden for later caged 
pollination trials. Using wild populations in situ is logistically impractical if they are sepa¬ 
rated by hundreds of kilometers. Manual pollination treatments and later seed harvest can 
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require daily attention, with intervening protection from herbivores, seed predators, and a 
curious public (Cane, 2005). Because most of these wildflowers are unavailable from nurser¬ 
ies, my collaborators collect seed from the wild, which are then germinated and grown in 
the greenhouse. Once transplanted outside, I await first flowering, typically 1-3 years later 
for these perennials. 

2. To characterize the small subset of potential pollinators from each bee community, 
I systematically net sample guilds of each wildflowers floral visitors throughout their geo¬ 
graphic ranges. The locations of floral host populations and estimated bloom dates are 
gleaned from specimens housed in the region’s herbariums. 

3. To obtain starting populations of the subset of potentially manageable cavity-nesting 
species, both drilled nesting blocks with multiple-sized holes and drilled stick nests are man¬ 
ufactured and deployed. Most are placed in the wild, preferably in the presence of t arget wild- 
flower hosts, but we have enjoyed some success placing them around grower's wildflower 
fields, too. With luck, some of the cavity-nesting species thus obtained match those surveyed 
at a wildflower's visitor guild. Each nest’s progeny are identified by sacrificing only one indi¬ 
vidual, preferably a male. This leaves the rest to fly, forage, and nest the following year in 
confinement with one of the common garden stands of wildflowers. 

4. Their prowess as pollinators is assessed against our own manual pollination treat¬ 
ments from the preceding year. 

5. Stocking densities of the bees are estimated that give both abundant seed yields and 
sustainable population growth of the bees when limited to a particular floral species for 
forage. 


Two case studies show that success proceeds apace of progress with each of these com¬ 
ponents while overcoming idiosyncrasies of bees, bloom, and weather. For Balsamorhiza 
sagittata, which is estimated to take more than 5 years from seed to bloom, I experi¬ 
mented with the species’ breeding biology using nearby wild populations (Cane, 2005). 
It was found to require insect pollinators (see figure 4.2) and to benefit from outcross¬ 
ing (see figure 4.3). Two widespread cavity-nesting bees, 0. californica and O. montana, 
were commonly sampled visiting its flowers. Both were earlier reported to forage at 
Balsamorhiza and Wyethia (Torchio, 1989). When collecting pollen, they were seen to 
vigorously pat pollen-bearing surfaces of the stigmatic lobes using their ventral abdomi¬ 
nal scopae, thereby inevitably pollinating as well. Populations readily increased using 
my practical nesting system (Cane, 2006b). An estimated stocking density of several 
hundred females per hectare satisfies pollination needs (Cane, 2005). These two Osmia 
species answer for all of the objectives of the program and are ready to manage as pol¬ 
linators for seed production of any Balsamorhiza species. 

I have pursued a different approach and a different path to pollinator management 
with my studies of Dalea (Cane, 2006a). To accelerate my research schedule, I obtained 
transplants of a Great Plains species, D. purpurea, for our common garden in Logan. It 
served as a surrogate species while I awaited seed and maturation of the two Great Basin 
species, neither of which has been previously cultivated nor is found within 250 km of 
Logan. Pollination trials in our common garden revealed a necessity for pollinators (see 
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figure 4.2) and great benefits from outcrossing (figure 4.3). Its rich Midwestern polli¬ 
nator guild suggests many choices for pollinators, a guess borne out in our common 
garden, where honey bees, bumble bees, alfalfa leafcutting bees, and various wild spe¬ 
cies eagerly sought its flowers. Fertile seeds formed at 60-80% of available flowers. A 
small, managed nesting population of alfalfa leafcutting bees preferentially provisioned 
numerous nest cells with the bright orange pollen of D. purpurea flowers. Because inflo¬ 
rescences of the two Great Basin Dalea spp. closely resemble those of D. purpurea, I am 
optimistic that either honey bees or managed alfalfa leafcutting bees will handily pol¬ 
linate farmed Great Basin Dalea. Initially small populations of wild bees seen visiting 
newly planted Dalea could multiply in subsequent years in response to simple steward¬ 
ship practices, ultimately satisfying the pollination needs of farmed Dalea. 


Summary 

Federal, state, and private land managers in the western United States annually seek 
tons of affordable seed from dominant native wildflowers for use in their wildland reha¬ 
bilitation and restoration programs. The prohibitive price of wild-collected wildflower 
seed stymies that effort. Seed costs and practicality necessitate the farming of wildflow¬ 
ers for their seed. Heterogeneous cultivation needs, seed harvest methods and site-spe¬ 
cific restoration seed mixes all dictate that farmers grow these species in monocultures 
rather than meadow mixes. However, individual native seed growers can be expected to 
be farming more wildflower species as their skill and success meet demands. 

I am finding that bees are needed to pollinate nearly all of the target wildflower spe¬ 
cies desired for restoration and rehabilitation in Great Basin plant communities. Actively 
managed bees will initially be necessary, at least as a “bridge” for growers in early pro¬ 
duction years. If and when wild bees proliferate to become abundant on farms, then 
some farms and seed crops will eventually enjoy substantial pollination services from 
passively managed local native bee communities. Context, practicality, and cost will 
determine the mix of bees used. Options under study for actively managed pollinators 
include honey bees, currently managed nonsocial species (M. rotundata, 0. lignaria), and 
additional cavity-nesting species of Osmia, Megachile and Hoplitis that show pollination 
prowess and nest management potential. Native bees will need to be sustainably man¬ 
aged on seed farms, as it is impractical and costly to replenish managed populations by 
annually trap-nesting wild bee populations. Unmanaged farm populations of bumble 
bees and ground-nesting bees should benefit from some simple pollinator stewardship 
practices, including a hiatus in cultivation during bee nesting, wise insecticide use, and 
planting supplemental forage crops nearby. 

Pollinator lessons learned with the Great Basin Plant Selection and Increase Project 
should translate to other regions and biomes in which native wildflower seed is increas¬ 
ingly sought for restoration around the United States, including the Upper Colorado 
Plateau, the Mojave Desert, and the Great Plains. Successful seeding and restoration of 
native wildflowers will have far-reaching positive ecological impacts on damaged Great 
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Basin plant communities and their dependent native bee communities. These gains will 
dwarf the comparatively small economic impact of a peculiar native seed industry and 
the novel mix of bees that it will use to produce its wildflower seed. 
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Honey Bees, Bumble Bees, 
and Biocontrol 


New Alliances Between Old Friends 

Peter C. Kevan, Jean-Pierre Kapongo, Mohammad 
Al-mazra'awi, and Les Shipp 


Introduction 

Bees are well known for their ability to carry microscopic particles. After all, they are 
important pollinators, and most pollen is microscopic (Wodehouse, 1959). Bees also are 
known to carry fungal spores and bacterial cells, some of which are pathogens of the 
bees themselves, or of plants (Morse & Nowogrodzki, 1990; Shaw, 1999). The capacity 
of bees to vector spores, bacteria, and viruses can be turned to our advantage by using 
them to transport biological control agents, a technique known as pollinator biocontrol 
vector technology (Kevan et al., 2001, 2003, 2004, 2005). This chapter describes the 
range of biocontrol agents useful for this technique and the targets against which they 
can be used. These biocontrol agents all have good potential for control of weeds, plant 
pathogens, or insect pests. The safety of the vector is considered next, along with the 
fact that it must be harmonized with efficacy against the target problem. Following from 
and closely linked to those two parts of the pollinator biocontrol vector technology is 
the matter of concentration of the biocontrol agent in an effective formulation and the 
efficiency of its acquisition and delivery by the vector. Dispenser designs are discussed as 
they influence the efficiency of pickup of the formulated biocontrol agent by the pollina¬ 
tors and so constitute another component of the technology. Finally, we briefly consider 
environmental safety and issues of nontarget effects. 

The elements involved in this new technology are: 

1. A crop in need of protection 

2. A pest (weed, disease, or herbivore) that adversely affects crop production 

3. Pollinating insects that visit the flowers of that crop 
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4. Biocontrol agents that can be vectored by the pollinators 

5. A formulation of that biocontrol agent that allows effective vectoring without unduly 
risking the health of the vectors but that also has demonstratable efficacy against the 
pest 

6. Some means of dosing the vector (i.e., a dispenser) 

7. Consumer and environmental safety 

Even though this technology has been developed to manage plant diseases and pests, 
successful application requires interdisciplinary research on several fronts. The biocon¬ 
trol agent should be effective against the target, yet relatively safe for the bee vectors. The 
agent must be dispersed by the bees in sufficient quantity to be effective against the target, 
yet the crop in need of protection must not be adversely affected. Plant and insect pathol¬ 
ogy must be part of research and development because microbial control agents are being 
used. Design of the inoculum dispensers requires insights into vector behavior, as does the 
technology of formulation to maximize inoculum dispersibility and dosage at the target 
site without negatively endangering the health of the vectors. Moreover, safety of nontar¬ 
get organisms in the environment in which the technology is applied must be considered. 
Finally, any produce grown and protected through use of the pollinator biocontrol vector 
technology must be safe for consumption by people or livestock. Figure 5.1 illustrates the 
integrated and connected array of facets of the research and development process. 



Figure 5.1 The integrated and connected array of facets 
of the research and development process in pollinator 
biocontrol vector technology. 
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Pollinator biocontrol vector technology has been explored by different investigators in a 
wide variety of ways with different biocontrol agents in various formulations, using differ¬ 
ent insect pollinators and different dispensing devices. Because few investigations report 
on comparisons and those that do report on only on a few in any one study, this chapter 
cannot provide an objective and comprehensive comparison of details. Readers should 
be aware that pollinator biocontrol vector technology has great potential in crop protec¬ 
tion, and those interested in using it in their own research should refer to the cited papers 
in deciding how they should proceed. A great deal remains to be done to discover how 
pollinator biocontrol vector technology should be customized to the problems at hand. 


Control Agents 

Control of Seed Set in Weeds and Invasive Plants 

One of the first considerations for using this technology was to control the fruiting and 
seed production of field milkweed, Asclepias syriaca (Asclepiadaceae; Eisikowitch et al., 
1990; Kevan et ah, 1989a, 1989b). A yeast, Metschnikovia reukaufii (Ascomycetes), was 
found to inhabit the nectar of milkweed flowers. It is vectored by flower-visiting insects 
and, once in the nectar, inhibits germination of poliinia. The nectar is secreted by the 
stigmatic surface in Asclepias and is the natural germination medium for the poliinia, 
and so it seemed logical to propose an inundative application of the yeast, followed by 
dispersing it with flower-visiting insects to reduce the fecundity of the plants. Despite the 
potential utility of manipulating this tri-kingdom system (plant, yeast, and insect) for 
weed control and the evolutionary implications related to hypotheses for mate selection 
by plants (Morgan & Schoen, 1997), further research has yet to be done. Nevertheless, 
the idea did not go unnoticed. Recently, Forcella (2006) has suggested that honey bees, 
Apis mellifera (Apidae), could be used to deliver “microsite-specific gameticides,” such as 
the herbicide glufosinate, to interfere with seed set in weeds. 


Control of Plant Diseases 

Pollinator biocontrol vector technology has been applied successfully to control gray 
mold, Botrytis cinerea (Moniliaceae), on strawberries, Fragaria x ananassa (Rosaceae), 
with the fungal antagonistic, Clonostachys rosea (Hypocreales), using honey bees as the 
pollinator and biocontrol vector (Peng et al, 1992). The levels of control were similar 
to those obtained from application of a fungicide at the recommended dosages and fre¬ 
quencies. Later, the same technology was applied to raspberries, Rubus idaeus (Rosaceae), 
against the same disease pathogen using honey bees and bumble bees, Bombus impatiens 
(Apidae; Sutton et al., 1996; Yu & Sutton, 1997). The levels of initial success in fruit 
protection matched or exceeded those achieved with conventional fungicidal sprays. 
Yu and Sutton (1997) also compared the application of C. rosea using a compressed air 
sprayer versus the pollinator biocontrol vector technology. The incidence of flowers with 
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no inoculum (C. rosea) was higher in plots sprayed using the air sprayer (55-57 %) com¬ 
pared with plots treated by bumble bee- (6-9 %) or honey bee- (14-15 %) vectored C. 
rosea. The suppression of gray mold in the flowers was usually greater when C. rosea was 
applied using bees versus the sprayer. Since then, other researchers have applied the 
fungal mycoparasite Trichoderma harzianum (Hypocreaceae) to strawberry flowers using 
honey bees (Maccagnani et al, 1999) and bumble bees (Kovach et al., 2000), and the 
fungal antagonist Ulocladium atrum (Hypomycetes) to strawberry flowers using honey 
bees (van der Steen et al., 2006). All reported suppression of gray mold. Trichoderma spp. 
also suppressed Sclerotinia sclerotiorum (Sclerotiniaceae), an important crop pathogen. 
Escande, and co-workers (1994, 2002) successfully used these fungi, vectored by pol¬ 
linating honey bees, to protect sunflowers, Helianthus annuus (Asteraceae), from head 
rot caused by S. sclerotiorum. Svedelius (2000) suppressed the pathogenic plant fungus 
DidymeUa bryoniae (Ascomycetes) on cucumber, Cucumis sativus (Cucurbitaceae), with 
T. harzianum vectored by the bumble bee Bombus terrestris (Apidae) in the greenhouse. 

A myriad of unknown and potentially useful biocontrol agents can be tried against 
plant diseases using pollinators as vectors. At about the same time that our research was 
in progress, Thomson et al. (1992) and Johnson et al. (1993a, 1993b) were experiment¬ 
ing with this technology with honey bees for suppression of infection with the fire blight 
bacterium, Erwinia amylovora (Enterobacteriaceae), using the bacterium Pseudomonas 
fluorescens (Pseudomonadaceae) on apples, Malus x domestica (Rosaceae), and pears, 
Pyrus communis (Rosaceae). Since then, there has been some resurgence of interest in 
that system (e.g., Nuclo et al., 1998; Pusey, 2002). Other examples include the fungal 
plant pathogen mummy berry, Monilinia vaccinii-corymbosi (Pezizaceae), which itself 
is obligately vectored by pollinators to species of blueberry, Vaccinium spp. (Ericaceae; 
Batra, 1983; Woronin, 1888) and can be suppressed by a pollinator-vectored bacte¬ 
rium Bacillus subtilis (Bacillaceae; Dedej et al., 2004) and the so-called “killer yeast," 
Metsclmikovia fructicola (a newly described ascosporic yeast species), being tested as an 
inhibitor of gray mold on tender fruit (Kurtzman & Droby, 2001; Karabulut et al., 2003). 
But as far as we are aware, no one has tried using insect vectors for its dissemination. 


Control of Insect Pests 

The pollinator biocontrol vector technology has been evaluated successfully against 
several insect pests on crops. Gross and colleagues (1994) used honey bees to deliver 
Heliothis nuclear polyhedrosis virus (NPHV) to crimson clover, Trifolium incarnatum 
(Fabaceae), to help control Helicoverpa zea (Noctuidae), the corn earworm. Although 
this initiative seems not to have been followed up in the United States, Butt et al. (1998) 
and, more recently, Carreck et al. (2007) revitalized the idea by applying Metarhizium 
anisopliae (Clavicipitaceae) to the flowers of canola, Brassica napus (Brassicaceae), to 
suppress populations of pestiferous pollen beetles, Meligethes aeneus (Nitidulidae), and 
later, cabbage seed weevils, Ceutorhynchus assimilis (Curculionidae). Research by Jyoti 
and Brewer (1999) demonstrated that honey bees could also be used as effective vectors 
of the bacterium Bacillus thuringiensis var. kurstaki (Bt) (Bacillaceae) for control of the 
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banded sunflower moth, Cochylis hospes (Tortricidae), in sunflowers, H. annuus. The level 
of control achieved, along with greater pollination efficiency and seed-set, was better 
than or equivalent to spray applications of Bt. 

Our research on using pollinator biocontrol vector technology for insect control 
started in response to an outbreak of tarnished plant bugs, Lygus lineolaris (Miridae), 
on canola in Alberta, Canada, in 1998 (Carcamo et al., 2003). We used the entomo- 
pathogenic fungus Beauveria bassiana (Clavicipitaceae; Bidochka et al.. 1993; Gindin 
et al., 1996) known to cause mortality through disintegration of the insect cuticle and 
muscle tissues (Bidochka et al., 1993). Realizing that tarnished plant bugs are important 
pests of numerous crops, including those grown in greenhouses, we expanded our study 
to include biocontrol of plant bugs on canola as a field crop (figure 5.2) and on sweet 
pepper, Capsicum annuum (Solanaceae), as a greenhouse crop (figure 5.3). Al-mazra’awi 
et al. (2006a) reported mortalities of tarnished plant bug on canola caged with honey 
bees using the pollinator biocontrol vector technology at 22-56% versus only 9-22% in 
the controls. Beauveria bassiana conidia were recovered from 100% of the bees sampled 
in our trials, 67-77% of the flowers, and 70% of the leaves. The mean concentration of 
inoculum recovered from plant bug samples ranged from 1,411 to 3,803 colony-forming 
units (CFU) per tarnished plant bug over the 2-year study. For greenhouse peppers, we 
used bumble bees to vector the B. bassiana inoculum, and tarnished plant bug mortal¬ 
ity ranged from 34 to 45% versus 9 to 15% in the controls (figure 5.4; Al-mazra’awi, 



Figure 5.2 Experimental field set up to evaluate the pollinator biocontrol 
vector technology using honey bees to vector Beauveria bassiana to canola 
for control of tarnished plant bug. Inset shows honey bee nucleus hive with 
inoculum dispenser placed inside the cage. 





Figure 5.3 Bumble bee hive with inoculum dispenser attached to the front 
of the hive used in a greenhouse trial set up with sweet peppers. 



WFT Infection TPB Mortality 


Figure 5.4 Percent infection for western flower thrips 
(WFT) and percent mortality for tarnished plant 
bugs (TPB) exposed to bumble bee-vectored Beauveria 
bassiana in greenhouse sweet pepper trials; dark gray 
bars = treatments in which B. bassiana was vectored 
by bumble bees; light gray bars = treatments with 
bumble bees only; and medium gray bars = controls. 
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2004; Al-mazra’awi et al.. 2006b). Again, 97-99% of the bees, 90-96% of the flowers, 
and 87-91% of the leaf samples contained detectable concentrations of B. bassiana. In 
this study, the mean concentration of B. bassiana recovered from the tarnished plant bug 
samples ranged from 587-708 CFUs per tarnished plant bug. 

As the project unfolded, the potential for control of western flower thrips, F rankliniella 
occidentalis (Thripidae). a major pest of greenhouse crops, became evident (Al-mazra’awi 
et al., 2006b). Using bumble bee pollinator biocontrol vector technology, infection rates 
of western flower thrips ranged from 34 to 40% compared with only 3% in the controls 
(figure 5.4). Since then, we have further expanded the potential of pollinator biocontrol 
vector technology to include pests such as greenhouse whitefly, Trialeurodes vaporariorum 
(Aleyrodidae), green peach aphid, Myzuspersicae (Aphididae), and gray mold in other green¬ 
house crops, especially tomatoes, Lycopersicon esculentum (Solanaceae) (Kapongo et al., 
2005; Shipp et al., 2005). Recently, we have demonstrated that pollinator biocontrol vector 
technology can be used to simultaneously deliver multiple biocontrol agents for insect pest 
control and disease management (Shipp et al., 2006). Bumble bees have been used to vec¬ 
tor an inoculum containing B. bassiana and C. rosea for tarnished plant bug and whitefly 
control and for suppression of gray mold on greenhouse sweet pepper and tomato. 


Safety for the Vectors and Efficacy Against the Target Pest 


When choosing a biocontrol agent and formulation, one must be careful not to unduly 
endanger the health of the vectors. The potentially useful control agents that suppress 
seed set in weeds appear to have no adverse effects on the vectors. No matter what sort of 
agent is considered for use, safety to the vector must be assessed before these biocontrol 
agents are registered as part of the natural assemblage of microorganisms encountered 
by pollinators. 

The fungal biocontrol agent T. harzianum that suppresses the incidence of gray mold 
has been tested for safety and seems safe to both honey bees and bumble bees (van der 
Steen et al., 2004). The other plant fungal agents so far used, and potentially useful, are 
thought to be similarly safe, but they must be tested for vector safety. 

However, when considering the use of entomopathogenic agents, one must assume 
that the risks to the vectors can be measured. Bt has been tested for its effects against 
adult honey bees (Vandenberg & Shimanuki, 1986) and is regarded as safe; tests on 
bumble bees have not been made. We have evaluated the risks to pollinators associated 
with B. bassiana. We found that Botanigard 22 WP (Laverlam International Corp., Butte, 
MT), a commercial formulation of B. bassiana. had to be diluted from 2 x 10 11 conidia/g of 
product in the commercial formulation to 6 x 10 10 condia/g to achieve minimum mor¬ 
tality of bumble bees ( B. impatiens) and maximum mortality of the pests (Kapongo et al., 
2005; Shipp et al, 2006). At that lower concentration, B. bassiana is known to have 
little effect on honey bees (Vandenberg, 1990; Goettel & Jaronski, 1997). Moreover, it 
would not be expected to infect at the temperature of the brood chamber (~ 35°C) of 
the hive. In general, it seems that bumble bees are a little more susceptible than honey 
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bees to developing mycosis from B. bassiana, but the risks are small (Al-mazra'awi 2004; 
Kapongo, unpublished data). Metarhizium anisopliae also carries risks to the vectoring 
bees (Macfarlane, 1976). It is being considered for biological control of Varroa mites in 
honey bee colonies (Kanga et al., 2003; James et ah, 2006), so the risks are probably low 
and similar to those posed by B. bassiana. The NPHV used by Gross et al. (1994) is host- 
specific to Lepidoptera, and as such is probably safe. 


Diluents and Formulation 

The biocontrol agents used with pollinator biocontrol vector technology are concen¬ 
trated commercial formulations. They must be diluted to be cost effective and to max¬ 
imize dispersability and dosage at the target site. Various diluents have been used in 
preparing inoculum formulations that are placed into the dispensers for use. These 
diluents can vary greatly in their properties, which can thus affect their utility. 

Israel and Boland (1993) found that some carriers, such as talc and especially scented 
talc, were irritating to honey bees, which can spend as much as 1 minute grooming 
much of the formulation from their bodies. Other carriers, such as flours, were better 
accepted, stimulating less than half the amount of time in grooming, and resulted in 
more efficacious transport of the agent. Spores of B. bassiana can be diluted in substrates 
such as corn flour, corn starch, talc, fungi, or other materials to maximize their dispers¬ 
ability and life span during delivery. Al-mazra’awi (2004) found that honey bees that 
passed through corn flour acquired more conidia than did bees that passed through 
wheat flour, durum semolina, corn meal, potato starch, potato flakes, oat flour, and 
barley flour. As a general rule, the number of conidia carried by the bees increased 
with decreasing particle size and moisture content of the carrier and with increasing 
density of B. bassiana conidia in the formulation. The time required for a honey bee to 
pass through the dispenser did not significantly affect the acquisition of conidia. Van 
der Steen et al. (2006) compared the relative utility of other carrier materials (cellulose, 
quartz, talc, diatomaceous earth, and clay materials, such as bentonite and kaolin) as 
to how they affected the adherence of incoculum to honey bees and hence to the petals 
of strawberry flowers. They suggest that bentonite adheres well to the bodies of bees and 
is the best in adhering to petals. Polystyrene beads have also been used experimentally 
(Butt et al.. 1998) but may be too costly for use in commercial formulations. 

Although full sets of comparisons of various vegetable and mineral diluents remain 
to be made, we suggest that mineral diluents are likely to be less efficacious because of 
the irritation that they cause to the bees. 


Dispenser Designs 


Researchers have used a range of different dispenser designs. Dispensers that direct 
the pollinators/vectors through the inoculum as they leave the hive and isolate them 
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from the inoculum on entering the hive minimize wastage of the inoculum. This design 
also reduces the amount of inoculum that enters the hive. At the University of Guelph, 
we developed a dispenser for dusting honey bees with fungal spores (Peng et al„ 1992) 
that was based on the design of the Nova Scotia Agricultural College pollen dispenser 
(Townsend et al., 1958; Hatjina, 1988; King & Burrel, 1933). This type of dispenser was 
used by Butt et al. (1998) and Carreck et al. (2007), among others. Our over-and-under 
dispenser design forces the bees to pass through the inoculum tray before directing them 
to depart above the inoculum tray, and bees reenter the hive by passing through the 
inoculum-free section of the dispenser. The side-by-side dispenser design used by van der 
Steen et al. (2006) directs the bees to pass through one side to pick up inoculum as they 
exit but to enter on the other (inoculum-free) side of the dispenser apparatus. Thomson 
et al. (1992) and Johnson et al. (1993a, 1993b) used the Antles (1953) pollen dispenser, 
again developed for pollination in pome crops, but it requires bees to both exit and enter 
the hive through the inoculum. The dispenser developed by Gross et al. (1994) for honey 
bee delivery of NPHV against H. zea on crimson clover is elaborate and commanded its 
own patent. It was used by Dedej et al. (2004) for dispensing B. subtilis. Recently, Bilu 
et al. (2004) evaluated several types of dispensers for use with honey bees, and they indi¬ 
cate that the University of Guelph dispenser performs well, but that their “Triwaks" has 
the best overall performance in dusting honey bees with inoculum of T. harzianum. 

An over-and-under dispenser for bumble bee hives was developed at the University of 
Guelph (figure 5.5; Yu & Sutton, 1997). In addition, Maccagnani (2005) reported on the 
comparison of two dispensers, one a side-by-side and the other over-and-under, for the 
dissemination of fungal antagonists using bumble bees. She reported that the latter is 
the more effective for delivering fungal biocontrol agents. 



Figure 5.5 Dispenser placed in front of a bumble bee hive with the 
inoculum tray extended. 
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More studies of dispenser designs for use with both honey bees and bumble bees are 
needed to address the practical issues of inoculum loading, duration of availability of 
the inoculum to the bees, rates of inoculum acquisition by the bees, and interference 
of the dispenser with bee and colony activity, especially through restriction of the hive 
entrance. The potential also exists for using other insects, including other pollinators, 
for dispensing biocontrol agents, but few trials have been conducted. 


Environmental and Human Safety 

Some of the biocontrol agents that have been shown to be useful with this technology are 
already considered safe from the viewpoint of human health and have been registered 
with the appropriate agencies in various countries for application to crops. Pollinator 
biocontrol vector technology is just a different way of applying the biocontrol agent. 
Nevertheless, registration of microbial control agents is usually specific to the target 
crop and the method of application. Other biocontrol agents that are under development 
will require more evaluation for nontarget organism safety (including vector safety) and 
with respect to residues on food destined to be consumed by human beings or livestock 
before they can be registered. Thus some environmental and human risk assessment is 
required before biocontrol agents are to be widely used with this technology. The only 
registered application of the pollinator biocontrol vector technology that we are aware is 
Binab (BINAB Bio-Innovation AB, Helsingborg, Sweden). Binabis registered for the appli¬ 
cation of Trichoderma spp. using bumble bees for control of gray mold on strawberries and 
on greenhouse vegetable crops in several European countries (Biobest B.V., 2006). 

Because a number of the biocontrol agents tested for pollinator biocontrol vector 
technology have rather broad spectra of potential hosts, nontarget risks must be consid¬ 
ered. For some agents, such as Bt and NPHV, the risks to nontarget insects are probably 
small. For others, too few data are available to guide further development. It must be 
remembered that when considering field crops, the pollinating vectors are unlikely to 
forage only on the target crop. Thus the same issues that confront conventional spray 
applications apply: nontarget organisms will be exposed. One may argue that the use 
of this technology against plant pathogens may be neutral or beneficial to nontarget 
plants. However, when using pollinator biocontrol vector technology against insect 
pests, clearly the risks to nontarget, beneficial insects or insects of aesthetic value 
(Lepidoptera particularly) are real and need investigating. Also, the delivery of micro¬ 
site-specific gameticides, such as the herbicide glufosinate, to interfere with seed set in 
weeds (Forcella, 2006) could prove to be problematic to the reproductive output of non- 
weedy, short-lived plants that flower coincidentally with the target weed. 


Discussion and Conclusions 

Developing a pollinator vector technology for the management of insect and fungal 
pests on field crops, such as canola, and on greenhouse crops, such as sweet pepper, 
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provides the benefits of reducing pest populations and pesticide use while improv¬ 
ing pollination of the crop. For example, insect pollination of canola improves seed 
quality and germination rate (Kevan & Eisikowitch, 1990), results in higher seed set 
and yields (Langridge & Goodman, 1975) and is required for hybrid seed production. 
Similarly, using bumble bees for the pollination of greenhouse sweet pepper results in 
increased fruit weight, volume, seed weight, and percentage of extra-large and large 
fruits and reduced the number of days to harvest (Shipp et al„ 1994). Both honey bees 
and bumble bees can effectively vector biocontrol agents such as C. rosea, T. harzianum, 
B. subtilis, and P. fluorescens against plant pathogens for disease suppression and 
B. bassiana, M. anisopliae, Bt, and NPHV to field and greenhouse crops for insect pest 
control. 

Pollinator biocontrol vector technology is a win-win situation because the tech¬ 
nology not only reduces pest pressure and pesticide applications but can also improve 
pollination. Mostly, this technology seems to be safe for the bees, but more laboratory 
tests, followed by the monitoring of colonies during and after exposure to the biocontrol 
agents, must be conducted to show no adverse effect on the bees. The development of 
appropriate formulations and dispensers are key considerations for the success of this 
technology. The mixture of the dry infective propagules of microbial control agents 
with diluents and carriers must be made with care to maximize safety and dissemina¬ 
tion. Well-formulated agents remain viable for extended time periods in the field and are 
cost effective. Trials are needed to test each combination of the biocontrol agent and its 
formulation, the type of pollinator used, the crop to be protected and the pest targeted 
by the technology, and the sort of dispenser considered to be the most appropriate. Of 
course, concerns for human and livestock food safety have to be included in the devel¬ 
opment and registration of any pollinator-biocontrol vector use and need to be coupled 
with environmental risk assessments with respect to nontarget organisms. 

Pollinator biocontrol vector technology is a multidisciplinary pest management 
approach that incorporates different ecosystem components such as pollinators, micro¬ 
bial control agents and insect pests in the crop production system, ft brings the benefits of 
a new, reduced-risk pest management tool, reduced chemical use, and better pollination 
of the crop, all of which subsequently result in higher yields and better crop quality. 
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6 Life Cycle Ecophysiology of Osmia 

Mason Bees Used as Crop Pollinators 

Jordi Bosch, Fabio Sgolastra, and William P. Kemp 


Introduction 

Agricultural ecosystems planted with insect-pollinated plants create a situation of high 
pollinator demand over a short blooming period. This is especially true in areas of inten¬ 
sive monoculture, in which alternative flowering species are frequently unavailable to 
pollinators prior to and/or following petal fall of the main crop. Other environmental 
conditions in these areas, such as the destruction of natural nesting sites and the use of 
pesticides and herbicides, also contribute to the demise of wild pollinator populations. 
Where measures to protect and enhance these populations (see chapter 2, this volume) 
are difficult to implement, it becomes necessary to introduce populations of managed 
pollinators. This need has stimulated the search for pollinator species suitable to vari¬ 
ous crops and agronomic environments (open fields, greenhouses, screened enclosures). 
Some of these efforts have resulted in the development of viable pollinator management 
systems. 

“Pollinator management" describes a range of situations and practices. In its sim¬ 
plest form, pollinator management consists of a set of measures to provide adequate and 
safe nesting sites and foraging conditions (e.g., nesting substrates, continuous bloom, 
pesticide-free environment) to enhance resident pollinator populations. This approach 
has been successful in managing populations of two ground-nesting halictid bees, 
the alkali bee (Nomia melanderi) in the United States and the alfalfa gray-haired bee 
(Rhophitoides canus) in eastern Europe (Bohart, 1958; Stephen, 1960; Johansen, Mayer, 
Stanford, & Kious, 1982; Ptacek, 1989). In a second level of intervention and complexity, 
pollinator management applies to those situations in which populations of pollinators 
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are reared on the target crop and then stored under more or less controlled conditions 
to reduce mortality and/or manipulate pollinator phenology (e.g., developmental rates, 
number of generations, emergence time). This is accomplished by providing appropri¬ 
ate temperatures for development and wintering, supplementing food resources, and 
reducing parasitism and predation. Honey bees ( Apis mellifera, Apidae; Crane, 1991; 
Free, 1993), alfalfa leafcutting bees ( Megachile rotundata, Megachilidae; Bohart, 1962; 
Stephen, 1962; Hobbs, 1973; Richards, 1984; see also chapter 8, this volume), and mason 
bees ( Osmia spp., Megachilidae; Yamada, Oyama, Sekita, Shirasaki, & Tsugawa, 1971; 
Maeta & Kitamura, 1974; Bosch & Kemp, 2001; Torchio, 2003; Krunic & Stanisavljevic, 
2006) are usually managed at this level. A third level of management is applied to spe¬ 
cies such as bumble bees (Bombus spp., Apidae) that are reared under highly artificial 
laboratory conditions and then taken to the target crop (van Heemert, de Ruijter, van 
den Eijnde, & van der Steen, 1990; Asada & Ono, 2002; Velthuis & van Doom, 2006). 

Despite the economic value of bee crop pollination (Southwick & Southwick, 1992), and 
despite the far-from-negligible contribution of a diversity of wild bees to crop pollination 
(see chapter 2, this volume), only a handful of species have been developed into manageable 
crop pollinators. Often, studies on potential crop pollinators have emphasized pollinating 
effectiveness. However, the pollinating contribution of a highly effective pollinator is likely 
to remain anecdotal unless a management system (at any of the three levels outlined ear¬ 
lier) and a reliable population supply are secured. Our goal in this chapter is to draw atten¬ 
tion to the importance of developing adequate rearing methods to establish new pollinator 
species and improve performance of existing ones. In our opinion, many highly efficient 
pollinators have remained “potential pollinators” because of a lack of basic studies on their 
developmental biology and the establishment of appropriate rearing methods. A parallel 
can be drawn with insects established as biocontrol agents of agricultural pests. Extensive 
use of these insects has been possible thanks to a solid understanding of the ecophysiology 
of their life cycles (e.g., Wajnberg & Hassan, 1994; Hodek & Honek, 1996). 

In this chapter, we first review our current knowledge on the developmental biology of 
Osmia crop pollinators. Then we discuss how this knowledge has contributed and contin¬ 
ues to contribute to their establishment as manageable pollinators. We make extensive 
reference to current practices used to manage populations of these species and discuss 
how some of these practices may affect bee development, vigor, and survival. At the end of 
the chapter we establish a comparison with Megachile rotundata, a species widely used to 
pollinate alfalfa (see chapter 7, this volume). Although Osmia and Megachile are phyloge- 
netically related and share many behavioral traits, their life cycles differ significantly. Thus 
the comparison between the two genera is useful to emphasize developmental physiology 
as a key factor in establishing appropriate rearing methods and management systems. 


Osmia Crop Pollinators 

The genus Osmia comprises more than 300 species, mostly in the Holarctic (Michener, 
2000). The majority of these species nest in preestablished cavities in which females 
build series of cells separated by partitions made of mud or masticated leaf material. 
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Osmia in general, and species in the subgenus 0. (Osmia) in particular, fly very early in 
the year. In part for this reason, several 0. (Osmia) species have been developed in differ¬ 
ent parts of the world to pollinate spring-blooming crops. 

Osmia cornifrons was developed as an orchard pollinator in Japan in the 1960s and is 
now being used on more than 70% of the apple acreage in that country (Yamada et al., 
1971; Maeta & Kitamura, 1974; Maeta, 1990). More recently, this species has been used 
in China and Korea (Xu, Yang, & Kwon, 1995). In the late 1970s and early 1980s, Osmia 
cornifrons populations from Japan were introduced into the eastern United States, where 
the species is now becoming established as an orchard pollinator (Batra, 1979, 1998). 
Osmia cornifrons has also been tested on blueberries, several greenhouse crops (includ¬ 
ing strawberries, melons, and watermelons), and caged legume and mustard crops 
(Maeta, 1974; Maeta, Okamura, & Ueda, 1990; Abel, Wilson, & Luhman, 2003; Maeta, 
Nakanishi, Fujii, & Kitamura, 2006). A North American sister species, 0. lignaria, has 
been developed in the United States for orchard pollination, and its use in commercial 
orchards is steadily increasing (Torchio, 1976,1985, 2003; Bosch & Kemp, 2001, 2002; 
Bosch, Kemp, & Trostle, 2006). Additionally, 0. lignaria has been tested on blueberries 
in Canada and on caged Brassicaceae in the United States (Dogterom, 1999; Abel et al., 
2003). In Europe, a third species, O. cornuta, has been developed as an orchard pollinator 
(Asensio, 1984; Bosch, 1994a; Vicens & Bosch, 2000; Maccagnani, Ladurner, Santi, & 
Burgio, 2003; Ladurner, Recla, Wolf, Zelger, & Burgio, 2004; Monzon, Bosch, & Retana, 
2004; Krunic & Stanisavljevic, 2006). Osmia cornuta also has been successfully used 
in enclosures to produce hybrid seed of Brassicaceae (Ladurner, Santi, Maccagnani, & 
Maini, 2002). 

Other Osmia species have been tested to various levels, often with successful results. 
These include 0. (Osmia) rufa on fruit trees and caged mustard crops for hybrid seed 
production (Holm, 1973; Roth, 1990; van der Steen & de Ruijter, 1991; O'Toole, 2002; 
Steffan-Dewenter, 2003), 0. (Osmia) ribifloris and 0. (Melanosmia) attriventris on blue¬ 
berries (Drummond & Stubbs 1997; Torchio, 1990), O. (Osmia) excavata on apples (Wei, 
Wang, Smirle, & Xu, 2002), O. (Helicosmia) caerulescens and 0. (Melanosmia) sanrafaelae 
on alfalfa (Tasei, 1972; Parker, 1981, 1989), and 0. (Melanosmia) aglaia on raspberries 
and blackberries (Cane, 2005). 


Osmia Life Cycle 

The aforementioned 0. (Osmia) and 0. (Melanosmia) species fly very early in the year, 
are univoltine, and spend the winter as cocooned adults. Individuals wintered as pre¬ 
pupae or pupae are not viable (Bosch, 1994a; Bosch & Kemp, 2000; Bosch et al.. 2006). 
However, O. ribifloris have been successfully wintered as prepupae under artificial condi¬ 
tions (J. H. Cane, personal communication). Osmia (Helicosmia) caerulescens also winters 
in the adult stage but has been found to be bivoltine or partially bivoltine throughout its 
distribution range (Krombein, 1967; Tasei, 1972; Vicens, Bosch, &Blas, 1993; Westrich. 
1989). Wintering in the adult stage appears to be a derived trait within the Megachilidae. 
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Most members of this family, including the ancestral Lithurginae, winter as prepupae 
and fly later in the year (Bosch, Maeta, & Rust, 2001). Spring-flying species of other bee 
genera (e.g., Anthophora and CoIIetes ) also winter as adults, in contrast to summer-flying 
species of the same genera that winter as prepupae (Westrich, 1989). Thus adult winter¬ 
ing appears to be associated with early-flying periods. Many species in Helicosmia and 
other Osmia subgenera have been found to be parsivoltine (Bosch et al., 2001; Torchio & 
Tepedino, 1982). That is, some individuals within a population are univoltine, whereas 
others are semivoltine (take 2 years to develop). In parsivoltine Osmia species, univoltine 
individuals winter as adults, and semivoltine individuals spend the first winter as prepu¬ 
pae and the second as adults. Semivoltinism is highly dependent on temperature, and its 
incidence increases with altitude (Bosch, Kemp, & Sgolastra, unpublished). 

The focus of this chapter is on 0. lignaria, O. cornifrons, and 0. cornuta, the three species 
whose developmental biology is best known and for which management methods have 
been further developed. To our knowledge, all populations of these three species studied to 
date are strictly univoltine. Their life cycle can be divided into six periods (see figure 6.1): 

1. Emergence and mating. Wintered adults are exposed to warm temperatures (spring 
incubation), emerge from the cocoon, leave their natal nest, and mate. 

2. Prenesting. During a brief period, females mature their ovaries prior to nesting. 

3. Nesting. Females build nests and lay eggs in provisioned cells. 

4. Development. Eggs develop into adults through live larval instars, a prepupal dormant 
stage, and a pupal stage. 

5. Prewintering. Newly eclosed adults inside their cocoons remain exposed to warm tem¬ 
peratures at the end of the summer and beginning of autumn. 

6. Wintering. Cocooned adults are exposed to cold temperatures. 

Within a species, there are important phenological differences among populations. 
In warmer areas, adults fly and nest as early as February, as compared with April-May 
in colder areas. We use the term “early-flying” to describe populations that nest in 
February-March and “late-flying” to describe populations that nest in April-May. 
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Figure 6.1 Life cycle and phenology of a univoltine Osmia population. Letters refer to months 
of the Roman calendar. 
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Emergence and Mating 

Although male and female emergence periods overlap, males emerge, on average, 2-4 
days ahead of females. Emerged males can be seen flying around nesting areas and con¬ 
gregating at the entrance of nests that newly emerged females are about to leave. This 
behavior occurs in response to a short-lived sex pheromone released by newly emerged 
females (Rosner, 1994). Mating often takes place as soon as females leave the natal nest. 
Males stacked on top of newly emerged females are a common sight at nest aggrega¬ 
tions on sunny days during the emergence period. However, some mating also occurs 
on nearby flowers. 

Timing of emergence is highly dependent on wintering duration and spring incuba¬ 
tion temperatures. With few exceptions, individuals not wintered or wintered for very 
short periods do not emerge (see the later section on wintering), irrespective of incuba¬ 
tion conditions. On the other hand, in populations exposed to long wintering periods 
or to mild wintering temperatures, some individuals (mostly males) emerge at winter¬ 
ing temperatures (i.e., without incubation; Bosch & Bias, 1994; Monzon, 1998; Bosch & 
Kemp 2003, 2004). In both 0. lignaria and 0. cornifrons, mean emergence time decreases 
with increasing incubation temperature (from 15 to 30°C; Bosch & Kemp, 2001; Maeta 
et al., 2006). However, survival in 0. lignaria is slightly lower at 15 and 30°C than at 
20 or 25°C. Temperature thresholds for emergence are much lower for males than for 
females. In late-flying 0. lignaria populations incubated at ambient (outdoor) temper¬ 
atures, male emergence proceeds at temperatures of 12-15°C, but female emergence 
is very slow unless temperatures reach 20°C (Bosch & Kemp, 2001). These differences 
between males and females are important when developing incubation protocols. 
Because female bees perform most of the pollination service, any models used to predict 
emergence and facilitate the timing of peak bee activity to peak orchard bloom should 
be based on female temperature requirements. 


Prenesting 

Immediately following mating, females are rarely seen around their natal nesting site, 
only to appear back at the nesting site after a few days. Osmia oocytes are not fully grown 
at emergence, and females complete ovary maturation during the prenesting period 
(Monzon, 1998; Sgolastra, 2007). Duration of the prenesting period is usually 2-5 days, 
but it may be longer under bad weather conditions (Maeta, 1978; Bosch & Kemp, 2001; 
Bosch & Vicens, 2006). Prenesting periods need to be considered when deciding incuba¬ 
tion schedules for managed populations. 

During the prenesting period, females take shelter at night in crevices on walls or on 
the bark of trees, sometimes in clusters containing large numbers of males. Over time, 
increasing numbers of females are found hovering around nesting sites and entering 
prospective nest cavities. At artificial nesting sites (with many nesting cavities avail¬ 
able), the cavity-selection process may continue for several hours, during which time 
each female repeatedly investigates several cavities in succession. This behavior is 
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punctuated by short nectar-collecting trips. Eventually, a female limits her visits to a 
particular cavity. A zig-zagging flight with increasingly wide loops in front of the nest¬ 
ing site usually signals the selection of a nesting cavity and precedes the initiation of 
nesting activities. 


Nesting 

Having selected a cavity in which to nest, females begin collecting nesting material (mud 
for 0. lignaria, 0. cornifrons, and 0. cornuta) to build a basal partition and pollen and nec¬ 
tar to start the first provision. Detailed accounts of nesting behavior can be found in 
Maeta (1978), Torchio (1989), Bosch (1994b), and Bosch & Kemp (2001). Nests typically 
consist of a series of cells separated by mud partitions. Each cell contains a loaf of pollen 
mixed with nectar, on top of which an egg is laid. The entrance of completed nests is 
sealed with a thick mud plug. Individual females are active for 20-2 5 days (including the 
prenesting period) and build 0.5 to 1.5 cells per day under field conditions (Maeta, 1978; 
Torchio, 1989; Bosch & Vicens, 2005, 2006; Bosch, 2008). In orchard environments, 
each female may build a total of 8-12 cells, of which 2.5 to 5 contain female progeny 
(see Bosch & Kemp, 2002, and references therein; Maeta, 1978; Bosch & Vicens, 2006). 
Production of female progeny declines throughout the nesting period, and aged females 
produce almost exclusively male progeny (Tepedino & Torchio, 1982; Sugiura & Maeta, 
1989; Bosch & Vicens, 2005). 


Egg and Larval Development 

Under field conditions, Osmia eggs take more than a week to hatch (Bosch & Kemp, 2000). 
Larval development proceeds through five instars (Torchio, 1989) and takes approxi¬ 
mately a month under field conditions (Bosch & Kemp, 2000). Temperature thresholds 
for egg and larval development have been estimated at 10-14°C and 7-14°C, respectively 
(Maeta. 1978; Maeta et al., 2006; Sgolastra, 2007). In 0. lignaria and 0. cornifrons, egg 
and larval developmental rates increase with increasing temperatures from 18 to 26°C, 
and then stabilize at 29-30°C (Bosch & Kemp, 2000; Maeta et al.. 2006). On consuming 
the pollen-nectar provision and completing defecation, the fifth instar spins a thick mul¬ 
tilayered cocoon with secretions originating from the salivary glands (Torchio, 1989). 
Cocoon spinning takes 4-8 days at 22-26°C (Bosch & Kemp, 2000; Maeta et al., 2006). 
When exposed to the same temperatures, early-flying populations develop slightly 
slower than late-flying populations. For example, at 26°C egg and larval developmental 
took 26 days in an 0. lignaria March-flying population compared with 20 days in an 
April-flying population (Bosch & Kemp, 2000; Sgolastra, 2007). 


Prepupal Dormancy 

Cocooned larvae (prepupae) enter a dormant stage (Torchio, 1989) more or less in 
synchrony with early summer (Bosch & Kemp, 2000). C0 2 production rates (measured 
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at 22°C) drop from ~ 0.90 ml/g-h in the feeding larva to ~ 0.14 immediately after cocoon 
completion, and then to 0.04-0.09 within 7 days of cocoon completion (Kemp, Bosch. 
& Dennis, 2004; Bosch & Kemp, unpublished). As respiration rates decline, the prepupa 
becomes progressively flaccid in coincidence with the lowest respiration point. Then, 
toward the end of the prepupal period, the prepupa becomes turgid again as respiration 
rates increase to levels of 0.14-0.18 ml/g-h. Eventually, as the prepupa approaches pupa¬ 
tion, the segmentation that defines the head, thorax, and abdomen becomes apparent 
(Kemp et al„ 2004). If not exposed to appropriate temperatures (see later in the chapter), 
Osmia may remain in the prepupal stage for months or even years without dying (Bosch 
1994a; Bosch & Kemp, 2000; Maeta et al„ 2006; Sgolastra, 2007). Body weight loss dur¬ 
ing the prepupal period is only ~ 0.08 mg/day, compared with 0.3-0.7 during the pupal 
period (Bosch & Vicens, 2002; Kemp et al„ 2004). These results, together with tempera¬ 
ture requirements for prepupal development (see later in the chapter), indicate that pre¬ 
pupal dormancy in Osmia is diapause-mediated ( sensu Tauber, Tauber, & Masaki, 1986). 
In comparison, the prepupal respiration rates of wintering M. rotundata are maintained 
low through the summer and winter (Kemp et al., 2004). 

Under natural conditions, prepupal dormancy in Osmia lasts 1-3 months, depend¬ 
ing on the geographical area (Bosch & Kemp, 2000; Bosch, Kemp, & Peterson, 2000; 
Sgolastra, 2007). Temperatures above a certain threshold are required for prepupal 
diapause completion. Prepupae of 0. cornifrons may be kept at 10°C for up to 430 days 
without dying (Maeta et al., 2006). If subsequently exposed to temperatures of 22-26°C, 
these individuals develop into apparently healthy adults. In 0. lignaria reared at 18 or 
20°C, some individuals fail to terminate diapause and may remain in the prepupal stage 
for over a year (Bosch & Kemp, 2000; Sgolastra, 2007). If these individuals are subse¬ 
quently exposed to a 22°C temperature, some develop into adults but do not survive 
a wintering period. When individuals failing to pupate at 18 or 20°C are wintered as 
prepupae and then incubated, a few of these prepupae resume development, but they 
rarely develop into healthy adults; if they do, they emerge out of synchrony with their 
natural life cycle. Similar results have been obtained in 0. cornuta reared at 22°C (Bosch. 
1994a). 

Maximum prepupal developmental rates are attained at intermediate (22-26°C) tem¬ 
peratures (Kemp & Bosch, 2005; Maeta et al., 2006; Sgolastra, 2007). At warmer tem¬ 
peratures (26-32°C) prepupal development is slower. In nature, however, Osmia nests 
are exposed to fluctuating temperature regimes, and the thermoperiod has a strong 
effect on prepupal diapause completion. In 0. cornuta, 15% of individuals exposed to 
22°C failed to pupate, as compared with 100% pupation when exposed to a daily cycle of 
12 h at 17°C and 12h at 27°C (mean = 22°C; Bosch, unpublished). Prepupal period in O. 
lignaria lasts 29 days at 22°C constant, as compared with 17 days when exposed to 8h at 
14°C and 16h at 27°C (mean = 22°C; Bosch & Kemp, 2000). In general, populations kept 
under fluctuating temperature regimes have lower developmental mortality. 

Populations from different areas differ in their thresholds for prepupal diapause com¬ 
pletion. The percentage of prepupae failing to pupate at 25°C was 12% in a February- 
flying 0. cornuta population compared with 2% in a March-flying population exposed to 
the same conditions (Bosch, 1994a). Similar results were obtained in O. lignaria. At20°C, 
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56% of the individuals in a March-flying population failed to pupate compared with 23% 
in an April-flying population held at 18°C (Sgolastra, 2007). Above these thresholds, 
early-flying populations have longer prepupal developmental periods than late-flying 
populations exposed to the same temperatures. At 22°C, progeny from a February-flying 
0. cornuta population took 95 days to develop from cocoon completion to pupation com¬ 
pared with 75 days in an April-flying population (Bosch unpublished). In 0. lignaria, 
prepual period at 26°C was 52 days in March-flying populations compared with 29 days 
in April-flying populations (Bosch & Kemp, 2000; Sgolastra, 2007). These differences 
persist under natural conditions. March-flying populations kept outdoors took more 
than 2 months to pupate compared with approximately 1 month in April-flying popu¬ 
lations (Bosch et al., 2000; Sgolastra, 2007). When bees from a late-flying population 
from Utah were forced-reared and released in a February-blooming almond orchard 
in California, their progeny expressed short prepupal periods when reared under both 
California conditions and laboratory conditions (Bosch et al.. 2000). 

These results suggest a significant genetic component for diapause development 
in Osmia and indicate a likely adaptation to local temperature conditions (Ayres & 
Scriber, 1994). Duration of the prepupal period could also be influenced by a pheno- 
logical maternal effect (Mousseau & Dingle, 1991). For example, diapause development 
could be dependent on photoperiod conditions experienced by the maternal generation, 
as suggested for M. rotundata (Parker & Tepedino, 1982; Kemp & Bosch, 2001). In an 
unpublished study, an April-flying O. lignaria population was divided into two groups. 
The first group was released on almonds in February, 2 months ahead of its normal 
flying time, and the second group was released on cherries in April, the usual flying 
time for this population (Bosch & Kemp, unpublished). The progeny of both groups 
were reared under the same conditions. In agreement with a possible maternal effect, 
prepupal duration was significantly longer in the first group, but only by 2-6 days, a 
very short period compared with the 2-month difference in flying time between the two 
parental groups. 


Pupation 

Newly formed pupae take 1 to 1.5 months to acquire adult pigmentation (Bosch & Kemp, 
2000; Sgolastra, 2007). Respiration rates (measured at 22°C) throughout the pupal 
period are 0.14-0.18 CO, ml/g-h, and body weight loss rate is 0.3-0.7 mg/day (Bosch & 
Vicens, 2002; Kemp et al., 2004; Bosch & Kemp, unpublished). Temperature thresholds 
for pupal development have been estimated at 10-12°C (Maeta et al., 2006; Sgolastra, 
2007). In contrast to prepupal development, and within the temperature range tested 
(18-30°C), pupal developmental rates increase with temperature (Bosch & Kemp, 2000; 
Maeta et al., 2006; Sgolastra, 2007). Also in contrast to prepupal development, thermo¬ 
period does not have a profound effect on pupal developmental rates. In 0. lignaria, the 
pupal stage lasts 32 days at 22°C, as compared with 28 days when exposed to a cycle of 
8h at 14°C and 16h at 27°C (mean = 22°C; Bosch & Kemp, 2000). In O. cornuta the pupal 
stage lasted 36 days both at 22°C and when exposed to 12h at 17°C and 12h at 27°C 
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(mean = 22°C; Bosch, unpublished). Differences in pupal period between populations 
of different geographic origin are not as pronounced as differences in prepupai period 
duration. When exposed to 22°C, 0. cornuta early- and late-flying populations expressed 
similar pupal duration (36 and 35 days, respectively; Bosch, unpublished). In 0. lignaria 
at 26°C, pupation of an early-flying population lasted 30 days compared with 24 days in 
a late-flying population (Bosch & Kemp, 2000; Sgolastra, 2007). 


Prewintering 

At the end of the pupal period, the pupa sheds its cuticle and the callow adult ecloses and 
stretches its wing pads. Adult eclosion takes place at the end of summer or beginning of 
autumn. Early-flying 0. lignaria populations from central California reach adulthood in 
September compared with July-August in late-flying populations from northern Utah 
(Bosch & Kemp, 2000; Bosch et ah, 2000; Sgolastra, 2007). During prewintering the 
cocooned adult is still exposed to temperatures warm enough for development. This 
period allows slowly developing individuals within a population to reach adulthood and 
be ready for wintering when temperatures start to decline. As mentioned, differences in 
developmental rate between populations of different geographical origin exposed to the 
same temperatures are greater for the prepupai stage than for the larval or pupal stages. 
At the same time, most variation in timing of adult eclosion among individuals within 
a population is explained by the duration of the prepupai stage (Sgolastra, 2007). Thus, 
duration of the prepupai diapause is the main mechanism through which Osmia popula¬ 
tions from different geographical areas synchronize adult eclosion with local tempera¬ 
ture declines in the autumn (Kemp & Bosch, 2005; Sgolastra, 2007). 

Within 5 days of adult eclosion, CO 2 production rate starts a precipitous decline, from 
0.14-0.18 to ~ 0.10 ml/g-h in 14 days (Kemp et ah, 2004; Bosch, Kemp, & Sgolastra, 
unpublished). Together with the response of wintering adults to incubation (discussed 
later), these results indicate that, as with prepupai (summer) dormancy, adult (winter) 
dormancy is diapause-mediated in Osmia. The decline in respiration activity shortly after 
adult eclosion occurs under natural conditions, but also in individuals kept at constant 
22°C. Thus, a temperature cue is not required for diapause induction. Respiration rates 
(measured at 22°C) in diapausing prewintering adults do not increase until exposure to 
cold temperatures (Bosch, Kemp, & Sgolastra, unpublished). Thus, from a physiological 
perspective prewintering may be defined as the period between adult eclosion and the 
increase in respiration rates prompted by the onset of winter temperatures. 

Prewintering duration in Osmia has important consequences for diapause develop¬ 
ment, winter survival, and vigor at emergence in spring. Maximum survival is obtained 
in individuals prewintered for short to intermediate (15-30 days) periods (Monzon, 
1998; Bosch et ah, 2000; Bosch & Kemp, 2004; Sgolastra, 2007; Bosch, et ah, unpub¬ 
lished). Individuals prewintered for longer periods (45, 60, or 80 days) maintain low 
respiration rates (~ 0.1 ml/g'h) but rapidly lose weight (0.2-0.4 mg/day) and express 
signs of extensive fat body depletion. Their lipid levels drop significantly. These indi¬ 
viduals are less likely to survive the winter and are less vigorous at emergence than 
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individuals prewintered for 15-30 days. Individuals prewintered for very short periods 
(3-5 days) do not reach minimum respiration levels of ~ 0.08 ml/g-h. Nonetheless, these 
individuals respond to cold-temperature exposure by increasing their respiration (mea¬ 
sured at 22°C) in a similar way to individuals prewintered for 15-30 days (Sgolastra, 
2007). Individuals prewintered for very short periods show no signs of fat body deple¬ 
tion, maintain high lipid levels, and are more vigorous at emergence than individuals 
prewintered for 15-30 days. However, winter survival in individuals prewintered for 
very short periods is usually 5-10% lower than in individuals prewintered for 15-30 
days (Monzon, 1998; Bosch et al., unpublished). Individuals not prewintered at all 
(cooled on the day of adult eclosion) do not survive the winter (Maeta et al., 2006). 
Biochemical adjustments in preparation for wintering in insects are often initiated 
before the onset of cold temperatures (Denlinger, 1991). In 0. cornifrons, exposure to 
warm temperatures in autumn appears to be necessary to build up levels of polysac¬ 
charides (Maeta et al., 2006), which would explain the low survival in individuals win¬ 
tered as teneral adults. 

Populations from colder areas emerge and nest later in the year, and their progeny 
are exposed to a shorter summer. Thus their progeny need to reach adulthood earlier 
in the year within a shorter time frame. As mentioned, faster development from egg 
to adult in these populations is mainly achieved through a shorter prepupal diapause 
(figure 6.2). Within a geographical area, timing of adult eclosion in relation to the 
onset of wintering temperatures is subject to significant temporal variation (Kemp & 
Bosch, 2005; Sgolastra, 2007; Bosch et al., unpublished;). First, temperatures in late 
summer and early autumn vary significantly from year to year. Second, the timing of 
adult eclosion also varies from year to year, both in absolute terms and in relation to 
the onset of wintering temperatures. Finally, eclosion time within a population may 
span more than 1 month, and thus there are important differences among individu¬ 
als in adult eclosion date. As mentioned, individual variability in adult eclosion date 
is mostly explained by variability in individual duration of the prepupal diapause. The 
heritability of prepupal diapause developmental rate in Osmia has not been studied. 
However, a genetic component for diapause development has been found in various 
insect species (Tauber et al., 1986; McWatters & Saunders, 1996; Bradshaw, et al., 
1997; Feder et al.. 1997; Gomi, 1997), and evidence suggests that this genetic basis 
also occurs in Osmia (see the section on prepupal dormancy). Under this scenario, and 
given the consequences of individual prewintering duration on winter survival, selec¬ 
tion would favor those phenotypes developing early enough to reach adulthood before 
the onset of winter but late enough to avoid exposure to an excessively long prewinter¬ 
ing period. 


Wintering 

Respiration rates (measured at 22°C) climb steadily throughout the wintering period 
from a 0.08 ml/g-h prewintering low to 0.4 ml/g-h just prior to emergence (Kemp et al., 
2004; Sgolastra, 2007). Weight loss rate during wintering (0.05-0.09 mg/day) is low 
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Figure 6.2 Approximate developmental phenology in early- and late-flying Osmia. Letters 
refer to months of the Roman calendar. 


compared with prewintering, as is fat body depletion (Bosch & Vicens, 2002; Bosch & 
Kemp, 2003, 2004; Kemp et al. 2004). Individuals lose a higher percentage (-10%) of 
their body weight during 1 month of prewintering than during 5 months of wintering 

(~7%). 

Exposure to cold temperatures is necessary for adult diapause development in Osmia. 
As mentioned in the previous section, Osmia adults not exposed to wintering tempera¬ 
tures maintain low respiration rates, lose weight rapidly, deplete their fat bodies, and 
eventually die. Survival is also low (0-40%) in individuals wintered for very short peri¬ 
ods (30 days; Bosch & Kemp, 2003, 2004; Maeta et al.. 2006). After 30 days of winter¬ 
ing, respiration rates (measured at 22°C) are -0.2 ml/g.h, compared to -0.4 in fully 
wintered (-200 days) individuals (Sgolastra, 2007). When individuals wintered for only 
30 days are incubated at 20°C, their respiration rates rapidly decrease and go back to 
the minimum levels attained during prewintering (Kemp et al., 2004; Sgolastra, 2007). 
These individuals maintain low respiration rates but rapidly lose weight as incubation 
proceeds. Adults taken out of the cocoon and exposed to room temperature in midwin¬ 
ter are able to walk but do not fly or attempt to feed when offered a flower (Bosch & Kemp, 
2003). 

Preemergence time (time required to emerge following spring incubation) of win¬ 
tered Osmia adults is inversely proportional to wintering duration (Bosch & Bias, 1994; 
Bosch & Kemp, 2003, 2004; Maeta et al., 2006). For example, 0. lignaria males wintered 
at 4°C for 90 days take 14 days to emerge when incubated at 20°C compared with 3 
days when wintered for 150 days and 1 day when wintered for 210 days (Bosch & Kemp, 
2003). These results match the steady increase in respiration rates (measured at 22°C) 
observed throughout wintering (Kemp et al., 2004; Sgolastra, 2007) and corroborate 
the need for a cold period to complete diapause in Osmia. 

When exposed to sufficiently long wintering periods, diapause development is 
faster at higher versus lower wintering temperatures (Bosch & Kemp, 2003, 2004). 
For example, 0. lignaria males wintered at 4°C for 210 days take 1 day to emerge fol¬ 
lowing incubation at 20°C in comparison with 3 days in males wintered for the same 
period at 0°C (Bosch & Kemp, 2003). Similar results were obtained in 0. cornuta (Bosch 
& Kemp, 2004). Respiration rates increase faster and reach emergence values sooner 
in individuals wintered at 7°C compared with 0°C (Sgolastra, 2007). This physiologi¬ 
cal response allows Osmia populations to advance their emergence in years with mild 
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winters and, therefore, not to miss bloom of their host plants, which also respond to mild 
winters by advancing their blooming period (Nyeki & Soltesz, 1996). However, fat body 
depletion and mortality increase rapidly at wintering temperatures above 4°C (Bosch & 
Kemp, 2003). Late-flying 0. lignaria cannot be wintered for more than 150 days at 7°C. 
Similarly, 0. cornifrons can be wintered for more than 180 days at 0°C, but not at 5°C 
(Maeta et al„ 2006). 

As with summer diapause, Osmia populations appear to be adapted to local winter 
conditions. In O. cornuta, females of February-flying populations emerged within 1.5 
days when incubated at 20°C following 120-day wintering at 3°C, whereas April-flying 
populations exposed to the same treatment required 5 days to emerge (Bosch & Bias, 
1994). Osmia cornuta can be wintered for 150 days at temperatures as high as 11°C, but 
the same wintering conditions caused extensive fat body depletion and mortality in 0. 
lignaria (Bosch & Kemp, 2003, 2004). 


Management of Osmia Populations for Crop Pollination 

Osmia cornifrons, 0. lignaria, and 0. cornuta are very efficient fruit tree pollinators. Densities 
required for pollination vary from crop to crop and year to year (due in part to alter¬ 
nating blooming intensity), but estimates indicate that 550-750 nesting females (plus 
1.5-2 times as many males) per ha usually suffice (Bosch & Kemp, 2002, and references 
therein). Due to pre nesting dispersal, numbers of females released have to be increased 
by up to two times depending on the releasing method (see Bosch & Kemp, 2001, 2002). 
Detailed accounts of management practices for Osmia spp. can be found elsewhere (Maeta 
& Kitamura, 1974; Bosch & Kemp, 2001; Krunic & Stanisavljevic, 2006). Here we discuss 
only those practices directly related to developmental biology. Due to the important phe- 
nological differences among populations discussed in the previous sections, any rearing 
protocols need to be based on knowledge of the natural phenology in the area of origin 
of the population under management. Assuming a genetic basis for these phenological 
differences, it may be possible to select different Osmia strains to pollinate crops with dif¬ 
ferent blooming periods, from almonds in February to apples in May. 


Monitoring and Managing Emergence Timing 

Prior to bloom, Osmia nests (or loose cocoons depending on the management system) are 
taken out of the wintering area and placed in nesting shelters containing nesting materi¬ 
als (e.g., wood blocks with inserted paper straws, bundles of cardboard tubes or reeds). 
Timing between bee emergence, and therefore nesting, and bloom initiation of the target 
crop is of the essence when pollinating fruit trees, as most orchards bloom for only about 
3 weeks. If bees emerge too late, a high proportion of flowers are not pollinated and, 
because alternative floral resources are usually scarce after petal fall of the target crop, 
Osmia reproductive success decreases. On the other hand, females emerging too much 
ahead of bloom initiation are likely to disperse in search of flowers and nest elsewhere. 
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For this reason, it is very important that populations be wintered for sufficiently long peri¬ 
ods, as this will result in short preemergence (time between spring incubation and first 
emergence) and emergence (time between first and last emergence) periods. Populations 
with long preemergence periods are more difficult to time with bloom initiation of the 
target crop. In populations with long emergence periods, correct timing with bloom can 
only be accomplished with a segment of the population. The need to provide sufficiently 
long wintering periods to achieve prompt and uniform emergence cannot be overem¬ 
phasized. In any case, plants blooming ahead of the target crop are convenient pollen- 
nectar sources for early-emerging Osmia individuals (Bosch & Kemp, 2001). 

When wintered for long periods at a mild temperature (4-7°C), some males emerge 
without need of incubation. This is a good indication that a population has received 
enough wintering to complete diapause and is ready to emerge. Otherwise, male 
cocoons can be exposed to room temperature (~22°C) and checked for emergence. In a 
sufficiently wintered population, males emerge within 1 day. As mentioned, wintering 
periods for prompt emergence vary among species and populations. In April-flying 0. 
lignaria populations, some 210 days of wintering at 4°C elicit prompt emergence (mean 
male preemergence time: 1 day; Bosch & Kemp, 2000, 2003). Instead, February-flying 
O. cornuta emerge promptly following 120 days at 3°C (mean male preemergence time: 
1 day: Bosch & Bias, 1994). 

Prompt emergence may also be accomplished by wintering bees at warmer tempera¬ 
tures. However, this method should only be used when long wintering periods are not 
feasible. Increasing winter temperatures can only be done with caution and for short 
periods of time, because this treatment may result in fat body depletion and loss of vigor. 
Bosch et al. (2000) wanted to time emergence of an April-flying 0. lignaria population 
from northern Utah to February almond bloom in California. The need to obtain emer¬ 
gence by February instead of April drastically reduced the period available for wintering. 
One part of the population was wintered at 4°C and the other at 7°C for 117 days. Male 
bees wintered at 4°C took 7 days to emerge compared with 3 days for bees wintered at 
7°C, with no significant increase in mortality. Temperature can also be increased gradu¬ 
ally throughout wintering to hasten diapause completion and prompt emergence. 

Timing of emergence is also greatly influenced by incubation temperature. If win¬ 
tered for sufficiently long periods, and if maximum daily temperatures are expected to be 
above 20°C, populations require no artificial incubation. On the other hand, if tempera¬ 
tures are very cold, both flower development and bee emergence are arrested. However, 
under mild temperatures (10—18°C), fruit tree bloom progresses (Nyeki & Soltesz, 1996), 
and female emergence is very slow. Then it is necessary to provide additional incuba¬ 
tion. Nests can be incubated in a temperature chamber at 20-25°C. Emerging adults 
can be collected into a container and either released in the orchard or cooled to 4-8°C 
until release time. When using this method, it is important to note that females released 
as emerged individuals are more likely to disperse and nest elsewhere than females 
released as nonemerged individuals within their nest (Maeta, 1978; Torchio, 1984; 
Bosch, 1994c). Nests can also be incubated within the nesting shelter (Bosch & Kemp, 
2001; Pitts-Singer, et al., 2008). In any case, release schedules need to account not only 
for the emergence period, but also for the prenesting period. 
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Sometimes it may be necessary to delay, rather than advance, emergence. This can 
be accomplished by cooling populations. Osmia cornifrons populations wintered out¬ 
doors emerge in synchrony with cherry bloom. To time emergence with apples, which 
bloom later, emergence is held up by transferring populations to 5°C (Maeta & Kitamura, 
1974; Maeta, 1990). However, Osmia populations that are ready for emergence cannot 
be cooled down for periods longer than 1 month without compromising survival and 
postemergence vigor (Bosch & Kemp, 2001). 

Wintering and incubation requirements vary from population to population, and 
flowering phenology of fruit trees ranges from February (almonds) to May (apples). For 
these reasons, wintering and incubation schedules need to be adjusted to each particular 
situation. Decisions on spring incubation regimes and timing of release in the orchard 
need to be based on knowledge regarding the origin of the population used, close moni¬ 
toring of flower development of the target crop, and weather forecasts. Flowering periods 
of species or cultivars blooming ahead of the target crop provide useful phenological 
references (Maeta, 1990; Bosch et al„ 2006). 


Monitoring and Managing Development 

After petal fall, nesting materials containing progeny are taken to a storage unit with 
temperatures close to ambient. Development can be easily monitored by periodically 
dissecting a few male cocoons. As adult eclosion time approaches, monitoring needs 
to be intensified. To begin with, only male cocoons need to be sampled. Then, as the 
population approaches 100% eclosion, female cocoons also need to be sampled, because 
females may sometimes develop more slowly than males. Because eclosion periods last for 
more than a month, populations should be wintered as soon as all sampled females have 
reached adulthood. This will prevent early-developing individuals from being exposed 
to excessively long prewintering periods. In the 1990s, several Osmia keepers in the 
United States reported on populations with low performance (high mortality, low vigor, 
and poor establishment). These weak populations likely resulted from excessively long 
prewintering periods. When 0. cornuta from a population that normally reaches adult¬ 
hood in September were wintered in late November, emergence was slow and irregular 
(Bosch. 1994a, 1995). Some individuals of this population died in the process of chew¬ 
ing their way out of the cocoon, and others emerged but were unable to fly. Therefore, 
monitoring adult eclosion and management of prewintering duration are essential for 
obtaining healthy, strong Osmia populations. 


Comparison With Megachile rotundata 

The alfalfa leafcutting bee, M. rotundata, has been established as a crop pollinator in 
North America since the 1960s (see chapter 7, this volume). Like Osmia, M. rotundata 
females nest in preestablished cavities and build linear series of cells provisioned with 
a mixture of pollen and nectar. However, the life cycle and the wintering physiology of 
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Osmia and Megachile are different, which imposes important differences in management 
practices. Megachile winter in the prepupal stage and fly later in the year than Osmia. 
Megachile rotundata is partially bivoltine, that is, within a population some individu¬ 
als become dormant in the prepupal stage, whereas others continue development into 
pupae and adults and emerge in late summer to produce a second generation (Krunic, 
1972; Richards, 1984; Kemp & Bosch, 2001). Both first- and second-generation indi¬ 
viduals winter in the prepupal stage. 

Megachile rotundata females lay their eggs in June and July. As in Osmia, immatures 
develop through five instars, and the last instar defecates and spins a cocoon (Trostle 
& Torchio, 1994). Development from egg to cocoon completion is faster than in Osmia 
(Kemp & Bosch, 2000). As with Osmia, M. rotundata prepupae enter diapause shortly 
after the completion of cocoon spinning. Respiration rates drop from 1.3 ml/g-h in the 
feeding larva to 0.5 at cocoon completion and then to 0.2 within 21 days (Kemp et al„ 
2004). However, contrary to Osmia, respiration rates (measured at 22°C) do not increase 
with exposure to wintering temperatures. Respiration rates remain at 0.1-0.2 ml/g-h 
throughout the autumn and winter, instead of increasing steadily as in Osmia. In fact, 
respiration rates do not increase until exposure to incubation temperatures (Kemp et al„ 
2004). These differences in response to temperature reveal profound physiological dif¬ 
ferences between the adult winter diapause of Osmia and the prepupal winter diapause 
of Megachile. 

Megachile rotundata appears to be much more tolerant than O. lignaria to long and 
warm wintering periods. In M. rotundata wintered at 5°C, a significant increase in mor¬ 
tality was not observed until wintering periods were extended beyond 270-300 days 
(Richards, Whitfield, & Schaalje, 1987). In addition, prepupae could be wintered at 10°C 
for up to 450 days without an apparent increase in mortality. Based on these differences, 
we would expect M. rotundata prepupae to be less sensitive to long prewintering dura¬ 
tions than Osmia adults. If our hypothesis is correct, the timing of wintering initiation 
should be less critical in M. rotundata than in Osmia. Further proof of the physiological 
differences between prepupal and adult diapause comes from experiments in which 0. 
cornifrons prepupae were exposed to cool temperatures for various periods and subse¬ 
quently exposed to 22°C to complete development (Maeta et al., 2006). Prepupae of this 
species could be wintered at 6°C for 180 days and at 10°C for 410 days with no increase 
in mortality. 

Overall, the effect of wintering duration on emergence timing follows a similar pat¬ 
tern in Osmia and Megachile. Preemergence and emergence periods of M. rotundata also 
decrease with increasing wintering duration (Johansen & Eves, 1973; Tasei & Masure, 
1978; Richards et al. 1987). The effect of incubation temperatures on emergence is also 
similar in both genera, but contrary to 0. lignaria, no detrimental effect of incubation 
temperatures as high as 32°C has been observed in M. rotundata (Richards & Whitfield, 
1988). Thus M. rotundata populations are routinely incubated at 30°C, and peak female 
emergence in populations wintered for ~7 months at 5°C occurs within 23-24 days of 
incubation at 30°C. 

Alfalfa blooms for longer periods (~8 weeks) than fruit trees. In addition, the risk 
of bad weather is much reduced during alfalfa bloom, and not all flowers need to be 
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pollinated to attain maximum seed set (Pedersen, Petersen, Bohart, & Levin, 1956). 
For these reasons, timing of emergence with bloom initiation is not as critical in M. 
rotundata as it is in Osmia management. Megachile rotundata populations are released 
in synchrony with -10% alfalfa bloom (Richards, 1984). As mentioned, Osmia popula¬ 
tions need to be released before bloom or when the very first flowers within the orchard 
are opening. 


Concluding Remarks 

Basic knowledge about the developmental physiology of bee pollinators is essential for 
developing appropriate rearing methods. There are important differences in winter dia¬ 
pause development between Osmia and Megachile, and these differences must be recog¬ 
nized in management protocols. Likewise, phenological differences among populations 
with different geographical origins need to be considered when establishing rearing 
protocols for Osmia. The development of adult diapause in Osmia conforms to the dia¬ 
pause model proposed by Sawyer, Tauber, Tauber, and Ruberson (1993) to explain egg 
diapause development in the gypsy moth, Lymantria dispar. This model assumes that 
both threshold and optimal temperatures for diapause development change gradually 
over the course of the winter so that no clear demarcation between diapause and post¬ 
diapause exists. Adult Osmia respiration rates (measured at 22°C) reach a minimum 
shortly after adult eclosion and then steadily increase throughout the winter. Early in 
the diapause period, adults respond to warm temperatures by lowering respiration rates 
and thus slowing diapause development, whereas cold temperatures at this stage elicit 
an increase in respiration rates. Instead, at the end of the diapausing period, warm tem¬ 
peratures prompt emergence, and cold temperatures delay it. 

Two phenological events require particular attention in Osmia management: the 
timing of adult diapause in the autumn and the timing of emergence in the spring. 
Monitoring these events is critical to the success of Osmia rearing operations. The rest 
of the management process follows a rather simple routine (see Bosch & Kemp, 2001). 
In addition, Osmia management is logistically simplified due to the small bee densities 
required for pollination. As already mentioned, a maximum of 1,100-1,500 females 
need to be released per ha compared with 16,000-40,000 inM. rotundata (Hobbs, 1973; 
Richards, 1984). At these densities, orchard yields can be increased significantly (Bosch 
& Kemp, 1999; Bosch et al., 2006). In Japan, the use of 0. cornifrons has increased from 
10% of the total apple production area in 1981 to 50% in 1990 to over 70% in 1996 
(Maeta, 1990; Sekita et al, 1996; Batra, 1998). Future studies on Osmia management 
should develop phenological models to predict emergence timing as a function of win¬ 
tering and incubation regimes. These models should be based on female emergence and 
account for prenesting periods to synchronize maximum female activity with peak 
bloom. Ideally, separate models should be developed for early- and late-flying strains 
so as to cover the wide range of blooming periods of different fruit tree species and 
cultivars. 
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7 Past and Present Management 
of Alfalfa Bees 

Theresa L. Pitts-Singer 


Alfalfa (Medicago sativa L., Fabaceae) is the third largest crop produced in the United 
States; nearly 76 million tons of alfalfa and alfalfa mixture were produced in 2005 
(National Agricultural Statistics Service, 2006). It is also a large commodity in other 
countries, including Canada, China, and Argentina. In order to produce alfalfa hay, 
seed is required. For the alfalfa seed grower, the quantity produced determines the profit 
gained, especially when seed is grown for a seed company at a set contract price. This 
chapter examines one key component of alfalfa seed production—the use of bees as spe¬ 
cialist pollinators of alfalfa. Two managed bee species that effectively pollinate alfalfa 
are the alkali bee, Nomia melanderi Cockerell (Halictidae), and the alfalfa leafcutting 
bee, Megachile rotundata Fabricius (Megachilidae; Bohart, 1957; Cane, 2002). The his¬ 
tory of the commercial implementation of the management of these bee species and how 
alfalfa seed producers embraced the bees for pollination are portrayed. Use of these soli¬ 
tary bees as commercial pollinators, current and future areas of research, and thoughts 
on future commercial and academic applications of these bees also are discussed. 


A Brief History of Medicago 

Alfalfa was likely domesticated around Asia Minor about 6,000 years ago to produce 
food for horses. By 1600, France and Spain were known to grow alfalfa for livestock, and 
by the eighteenth century, cultivated alfalfa hay provided forage for horses and dairy 
cattle in northwestern Europe and China. The modern domestic alfalfa variety, Medicago 
sativa, emerged from a diverse assortment of alfalfa cultivars adapted to a wide range of 
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climates in Eurasia. By the mid-seventeenth century, this alfalfa had been brought to 
the New World by the Spaniards and Portuguese and was being successfully produced. 
Alfalfa gradually arrived in North America from Mexico and also was transported as 
“Chilean clover” via ships sailing around Cape Horn to California during the Gold Rush, 
circa 1850. Before the end of the nineteenth century, under irrigation conditions, alfalfa 
hay production grew in popularity for raising dairy livestock, expanding into the Great 
Basin and Rocky Mountains of the United States and then from Nebraska and Kansas to 
Texas. The eastern United States had acquired alfalfa seed from Europe in the late eigh¬ 
teenth century, but growing conditions (e.g., cold temperatures, inadequate soil miner¬ 
als, and subsoil drainage) restricted the success of alfalfa production on a broad scale. 
Eventually, alfalfa became a major crop in the Great Lakes region of the United States. At 
the turn of the twentieth century, alfalfa was being grown in much of the United States 
and parts of Canada (Sauer, 1993; Putnam et al., 2001; Russelle, 2001). 

By the 1920s alfalfa seed was widely grown in the northwestern United States 
(Bohart, 1971) and Alberta, Canada (Frank, 2003). Today, alfalfa seed (common and 
certified) is an important commodity in the northwestern United States, Canada, 
and China (table 7.1). It is a lesser commodity in Argentina, France, Greece, and Italy 
(International Seed Federation, 2004). Approximately 80,000 tons of alfalfa seed are 
marketed worldwide on an annual basis. In Argentina, only certified alfalfa seed is 
produced. In Europe, certified seed is grown mostly by France and Italy (4,000-5,000 
tons in 2003-2004; J.-N. Tasei, personal communication, March 2006). In 2004, over 
50% of the seed varieties produced in the United States were proprietary (National 
Agricultural Statistics Service, 2005). 

Alfalfa seed production is enhanced by cross-fertilization (Bohart, 1957), which is 
largely achieved by bees. The anthers (pollen source) and stigma (pollen receptacle) of 
an alfalfa flower are exposed only when the flower is “tripped.” If a flower is not tripped, 
then pollination cannot take place. Tripping occurs when the action of a flower-visiting 
bee releases the pressure on interlocking keel petals, allowing the flower’s fused repro¬ 
ductive column to abruptly snap upward from within the keel (Frank, 2003). When 
the flower is tripped, these reproductive parts strike the bee. Honey bees (Apis mellif- 
era) were used in first attempts to pollinate alfalfa with managed bees, but they avoid 
the "tripping” mechanism of an alfalfa flower. They probe from the side of the flower 
to extract nectar, rather than probing from the center of the flower, where tripping 
is induced most effectively. Thus honey bees seldom trip flowers, except in central to 


Table 7.1 Alfalfa seed market (tons harvested) (International Seed Federation, 2004) 


Production 







United 

World 

Period 

Argentina' 1 

Canada 

China 

France 

Greece 

Italy 

States 

Total 

5-year average 

1,458 

14,135 

12,000 

5,670 

5,150 

4,560 

35,000 

78,202 

2003/2004 

1,854 

20,388 

18,000 

5,070 

5,200 

4,090 

31,000 

85,799 


a Certified seed only. 
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southern California, where hot temperatures are presumed to predispose alfalfa flow¬ 
ers to trip quite readily (G. Maslonka, personal communication, June 2006). The wide 
success of the alfalfa seed industry in North America, however, was greatly enhanced 
by the discovery that wild, solitary bees are very effective pollinators in comparison 
with honey bees. 

The prevalent and effective alfalfa-pollinating alkali bees and alfalfa leafcutting bees 
forage on alfalfa flowers despite the tripping mechanism. Unmanaged populations of 
these bees were observed visiting cultivated alfalfa in the northwestern United States 
in the late 1950s (Bohart, 1957). Although there was a time when wild bee species pro¬ 
vided sufficient alfalfa pollination, the use of broad-spectrum insecticides and loss of 
wild lands has diminished the once abundant natural bee populations in agricultural 
areas (Bohart, 1971; Frank, 2003). Furthermore, the scale of alfalfa seed production 
and expected yield has increased. Such circumstances have led to the need for commer¬ 
cially managed solitary bees to ensure economically viable alfalfa seed yields. 


A Native Alfalfa Pollinator 

The alkali bee is native to arid and semiarid regions of the United States, west of the 
Rocky Mountains (Stephen, 1959; Johansen & Eves, 1973; Hurd, 1979). By the 1950s, 
seed producers in northwestern states had recognized the pollinating qualities of alkali 
bees and were promoting bee retention near their alfalfa fields (Bohart, 1950). These 
growers worked to maintain and expand open landscapes for natural ground-nesting 
sites and began developing methods for creating artificial sites. In support of these 
endeavors, researchers characterized the bee’s nesting biology and natural history to aid 
in the commercial development and application of alkali bees for alfalfa seed production. 
Nomia melanderi became the world's only commercially managed ground-dwelling bee 
species. Bohart (1971) reviewed the early perceptions and use of the alkali bees for alfalfa 
pollination. 

The alkali bee is a solitary bee, meaning that there is no cooperation among adult bees 
for nest building and brood rearing. However, these bees are strongly gregarious in their 
nesting habits, excavating nests in soil in close proximity to each other and occurring 
naturally in large concentrations, averaging approximately 2.5-4.9 million nests/ha 
(Johansen & Mayer, 1982; Cane, 2003; Stephen, 2003). In artificial alkali bee nest sites, 
population levels can comprise 13.5-24.7 million nests/ha (Johansen & Mayer, 1982; 
Stephen, 2003), and pollination of alfalfa by these bees may yield as high as 2,240 kg of 
clean seed/ha (Johansen & Mayer, 1982). This yield is remarkable when compared with 
a yield of 168 kg of clean seed/ha where commercial bees are not used (Stephen, 1955, as 
cited in Bohart, 1957). Alkali bee adults emerge from the soil when temperatures are hot 
in the late spring or early summer (Johansen & Mayer, 1982). Mating occurs at the nest 
sites, and females begin nest building soon afterward. Females prefer to use preexisting 
holes in the ground that are easily excavated. The nest tunnel consists of a vertical shaft 
(length 30-40 cm, diameter 7-9 mm), terminating in a lateral tunnel with nest cells 
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(length 12-15 mm, diameter 8-9 mm) extending downward from it (figure 7.1A; Batra, 
1970; Johansen & Mayer, 1982). Soil initially accumulates around the entrance hole as 
the female digs the nest tunnel, thereby creating a durable tumulus (heap) at the nest 
entrance (Johansen & Mayer, 1982). Nest cells are provisioned with nectar and pollen 
that may be collected from flowers up to a distance of 3.2 km (Bohart, 1950). An egg 



Figure 7.1 Nest morphology of two alfalfa-pollinating bees. (A) Ground 
nest of Nomia melanderi with nest cells containing mass provisions and 
larvae at various stages of development in separate cells. (B) Cavity 
nest of Megachile rotundata with the oldest larva at the back of the lin¬ 
ear series of leaf-lined cells. Relative scale is approximate. Drawing by 
James P. Pitts (Utah State University, Logan, Utah). 
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is laid on the provision, and the cell is sealed with a polished soil cap. An adult female 
can live 4-6 weeks, during which time she may produce 7-12 progeny. The progeny 
overwinter as prepupae (i.e., postfeeding 5th-instars), and the prepupae complete their 
transformation through the pupal stage to adults as the soil temperatures warm the 
following spring and summer. Only one alkali bee generation per year occurs in most 
of the northwestern United States, but a second generation or more occurs in southern 
California. Under artificial conditions, increased temperatures may yield up to four gen¬ 
erations per year (Stephen, 1965; Johansen & Mayer, 1982). 

Meeting the soil requirements for successful nesting is probably the greatest challenge 
in managing alkali bees. Four basic characteristics of a natural nest site are desired. The 
soil must be moist, be firm and compact, be bare and sparsely vegetated, and preferably 
should consist of a silt or fine loam with little or no clay for good capillary movement 
of water (Johansen & Mayer, 1982; Stephen, 2003). Artificial bee sites often are more 
productive than managed, natural ones (Johansen & Mayer, 1982), but bringing artifi¬ 
cial nest sites up to their reproductive potential takes a few years, as does the recovery 
of these sites after natural or man-made disasters. Maintaining the nest sites at proper 
moisture levels seems to be the most critical factor (Johansen & Mayer, 1982). 

Managing seminatural alkali bee nest sites may require digging large, water-filled 
ditches around the sites in order to allow water to seep laterally into the ground. 
Semiartificial sites may be prepared in deep soil by burying rows of perforated drain¬ 
pipes through the sites and heavily salting the soil surface. The piping system is used to 
deliver the recommended approximate 1.9-7.5 million liters per hectare (approximately 
200,000-800,000 gallons of water per acre) before the nesting season (Johansen & 
Mayer, 1982). Early recommendations to create an artificial bee bed were to excavate an 
area of at least 167 m 2 to a depth of 0.3-0.9 m, to line it with a plastic sheet, and to bury 
the area under about 30 cm of gravel or coarse sand. Pipes or downspouts were then 
placed vertically into the gravel to create a system for adding subsurface water to the 
underlying gravel layer, from which water was expected to move laterally and wick back 
to the surface. The remainder of the excavation was backfilled with soil and compressed 
(Johansen & Mayer, 1982). 

Today, newer, simpler methods are recommended (M. Wagoner, personal commu¬ 
nication, January 2007). Wagoner has established an alkali bee nesting area on his 
farm, and he describes it as being composed of silty loam and having about a 7% slope. 
Perpendicular to the slope of the land, Wagoner excavated ditches about 15 cm wide and 
51 cm deep, keeping the ditch bottoms level against the slope. The ditches were spaced 
1.8 m apart and ran the width of the nest site. He laid water-permeable, weed barrier 
fabric along the bottom of the ditches before installing 5 cm polyvinyl chloride (PVC) 
pipes through them. He had previously drilled holes (~1 cm diameter) along one side of 
these pipes every 30-38 cm to allow water to seep out of the pipes and into the soil. At 
each end of the pipes, he added 45° elbows for attaching 61 cm upright lengths of pipe 
so that they stood perpendicular to the ground (standpipes). He covered the ditch pipes 
with weed barrier fabric and backfilled the ditches with the excavated soil. On one side of 
the nesting area, Wagoner dug an irrigation ditch from which hoses could draw water; 
each standpipe was affixed with its own faucet connected to a hose to allow water to be 
dribbled into each row of pipe. Whether they are semiartificial or newly constructed, 
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salt (NaCI) is added to the surface of nest sites and irrigated into the upper 20 cm of soil, 
smoothing and sealing the surface. 

Alkali bee prepupae can be removed from an established nest site by taking cores of 
soil containing the ground nests. Thus to establish new nest sites in the early spring, soil 
cores with prepupae are embedded in trenches cut into the soil. After these transplanted 
bees emerge, holes are punched into the surface to encourage new nesting, in addition 
to the reuse of emergence holes as nests (Stephen, 2003). With proper care and mainte¬ 
nance, artificial alkali bee nest sites are known to remain productive for more than 50 
years (Cane, 2003). 

Protocols developed after 1960 for creating artificial bee nest sites (e.g., Stephen, 1959, 
1960; Stephen & Evans, 1960; Johansen & Eves, 1973; Johansen & Mayer, 1982) pro¬ 
vided alfalfa seed producers with a system for using a very capable, cost-effective, native 
pollinator. Many growers in California, Idaho, Nevada, Oregon, Utah, Washington, and 
Wyoming embraced the use of alkali bees and began to maintain bee nest sites on their 
property (Mayer & Johansen, 2003), learning how to care for their bees by paying atten¬ 
tion to soil moisture and surface salt levels. Awareness of periods of peak bee activity 
in their regions allowed producers to use various methods to delay the onset of alfalfa 
bloom, so that the bees were present for the peak flowering period (Johansen & Mayer, 
1982). However, the fate of commercial alkali bees was undermined by natural and 
man-made disasters and by the discovery of a new pollinator, M. rotundata, the alfalfa 
leafcutting bee (Stephen, 2003). The decline in N. melanderi’s popularity as an alfalfa 
pollinator is discussed later in this chapter. 


A Foreign Alfalfa Pollinator 

The alfalfa leafcutting bee, M. rotundata, is native to Eurasia and was first collected in 
the United States in the late 1940s (Hurd, 1954; Stephen, 2003). Although it is not clear 
how this species came into the United States, its invasive prowess allowed it to success¬ 
fully establish throughout the country. Once researchers and alfalfa seed producers 
realized the efficacy of this bee as a pollinator in the late 1950s, its management and 
propagation flourished (Stephen, 1955; Bohart, 1957; Hobbs, 1965). For example, yields 
in Canada were only 50 kg clean seed/ha without the use of leafcutting bees, but with 
the bees, production potential grew to 1,100 kg seed/ha (Richards, 1993). 

Like the alkali bee, the alfalfa leafcutting bee is solitary but gregarious and lives for 
several weeks during the year as an adult. However, this bee species nests in tunnels 
above the ground (figure 7.1B). Suitable tunnels include insect-chewed cavities in tree 
trunks or telephone poles, pithy plant stems or hollow twigs, drilled holes in outbuildings 
or commercial bee boards, and various other natural or man-made cavities of appropri¬ 
ate diameter. Alfalfa leafcutting bees overwinter as prepupae and emerge as adults in 
the summer when warm temperatures permit completion of development. After mat¬ 
ing, nesting female bees use their mandibles to cut circular and oblong leaf pieces from 
nearby plants, with which they line individual nest cells. Once a cell has been lined, it 
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is provisioned with nectar and pollen, then an egg is laid, and the cell is capped with 
circular leaf pieces. Another cell is initiated in front of the previous one, until eventually 
many cells fill the tunnel in a linear series. Fertilized eggs, destined to become females, 
typically are laid in the innermost cells, and the unfertilized male eggs are laid in the out¬ 
ermost cells. The resulting sex ratio of males:females has been reported as 2:1 (Richards, 
1993), although recent work showed that the ratio in commercial populations reared in 
the United States is closer to 1:1 (Pitts-Singer & James, 2005). Nesting activity continues 
as the female bee finds another tunnel in which to restart the nest-building process. She 
may fill several nest tunnels containing 8-12 cells each in her lifetime of 4-6 weeks 
(Richards, 1984). The development of most progeny temporarily ceases at the prepupal 
stage in the summer, and they remain in diapause until the next summer. However, 
some nondiapausing progeny complete development to adulthood to fly during the same 
growing season as their mothers. The production of adults in the summer (i.e., a “second 
generation") is an event that does not occur in Old World populations of the alfalfa leaf¬ 
cutting bee (Krunic, 1972: Parker & Tepedino, 1982: Richards. 1984). 

Early on, alfalfa seed producers seemed to have been enthused by the ease of attracting 
alfalfa leafcutting bees for pollination. Alfalfa seed growers in the U.S. Pacific Northwest 
began a large trap-nesting program in the summer of 1960 (Stephen, 2003). In these 
early years, growers set out drilled logs, drilled wood boards, and boxes of paper drink¬ 
ing straws and also drilled holes in their outbuildings to encourage bees into the vicin¬ 
ity of their alfalfa fields (Stephen, 1961, 2003; Stephen & Torchio, 1961; Bohart, 1971). 
Many alfalfa leafcutting bee management innovations also were developed over the sub¬ 
sequent four decades of commercial use (Hobbs, 1967; Stephen. 1981; Richards, 1984; 
Frank. 2003). Researchers and independent entrepreneurs alike advanced the manage¬ 
ment and industry of raising alfalfa leafcutting bees through a better understanding 
of the bees and creating better equipment tailored for their handling and care. Several 
authors have written descriptions of M. rotundata life history and management proto¬ 
cols over the decades, including Stephen (1961, 1962, 1981), Hobbs (1967), Richards 
(1984). and Frank (2003). 

Canadian alfalfa seed producers managed to gain a monopoly on alfalfa leafcutting- 
bee production (Stephen, 2003), and they are currently the largest suppliers of alfalfa 
leafcutting bees that are sold as individual cells or in nest-filled bee boards. These pro¬ 
ducers have developed methods for controlling disease and for generating a surplus of 
bees, which they vend to U.S. seed producers and, to a lesser extent, to producers in other 
countries in which alfalfa seed production is undertaken (Donovan et al., 1982; Qingwen 
et al., 1994; Bitner & Peterson, 2003). The most popular commercial management system 
is called the “loose cell system,” in which the bee cells are removed from the bulky nesting 
boards. This system allows for removal of debris, parasitoids, and diseased cells and facili¬ 
tates convenient storage, shipping, and incubation (Baird & Bitner, 1991; Frank, 2003). 

The four basic stages of alfalfa leafcutting bee management in the loose cell system 
are: incubation, release and nesting, removal of loose prepupal cells, and wintering of 
prepupal cells. Here I describe the system in general, although variations exist between 
bee managers. The first management stage, incubation and emergence, is initiated about 3 
weeks before the alfalfa is expected to bloom. Loose bee cells are readied for incubation 
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by placing them in emergence trays with screen tops. Cells in trays are incubated in a 
chamber that is held at about 30°C, and after about 9 days, dichlorvos resin strips are 
used to kill any small, parasitic wasps that emerge at this time. The dichlorvos resin 
strips are removed after about 1 week, and the incubator is ventilated before adult bees 
emerge. Male bees begin to emerge at about the 2()th day of incubation, and females 
begin to emerge a few days later. After the onset of adult bee emergence, the second stage 
of management, field release, ensues. The trays containing emerged bees are taken to the 
fields and placed in domiciles. 

The domiciles are shelters used for holding bee boards (wood or polystyrene 
boards with approximately 3,500 holes) that can support thousands of nesting females 
(figure 7.2). Domiciles are placed within or along the edges of alfalfa fields. The tops of 
the emergence trays are pulled back or removed so that emerged bees can readily take 
flight into the fields. The bees will mate, and females will seek out nesting cavities. Once 
the females find the bee boards, they begin nesting and continue to produce offspring 
for 4-6 weeks. As they gather nectar and pollen for their offspring, they pollinate the 
alfalfa flowers. To guarantee some synchrony of bee nesting with flower bloom, some 
producers will stagger their bee incubation times so that they may release different 
batches of bees over several weeks. Late in the nesting season, the adult alfalfa leaf¬ 
cutting bees die. 



Figure 7.2 Alfalfa leafcutting bee domiciles along the edge of a blooming 
alfalfa field in Tremonton, Utah. Photograph by Craig Huntzinger (USDA-ARS, 
Logan, Utah). 
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The third management stage, harvest of bee progeny, begins by removing from the 
field the nest boards containing the progeny and putting the boards into a storage facil¬ 
ity where any remaining larvae can develop to the appropriate (i.e., prepupal) stage for 
overwintering. By the time cold weather sets in, any larvae that have not reached the 
prepupal stage will die. Eventually, bee cells are removed from the boards. The boards 
must be dry enough that the cells can be punched or stripped from the nesting material. 
Cell extraction machines have been invented for this task, having metal rods (sized to fill 
a tunnel) that are inserted into or alongside the nest tunnels to punch or push the nest 
contents out of the boards. To avoid damaging cells containing female bees, the boards 
are oriented so that the outer, presumably male, cells are in direct contact with the rods. 
Once the bee cells are removed from the nest boards, they first are cleaned in a tumbler 
that filters out debris and broken cells. Then other machinery is used to break apart 
cells that remain attached to each other, and some producers further clean their cells 
using air or gravity separation. The loose cells are stored in containers and refrigerated 
at about 4°C, which is the fourth stage of management, wintering. The bee cells remain 
in cold storage throughout the winter and are then incubated the following summer so 
that adult emergence coincides with alfalfa bloom. 

Although some European countries produce moderate seed yields compared to produc¬ 
tion in the United States and Canada (see table 7.1), the alfalfa leafcutting bee is not man¬ 
aged for pollination in Europe as it is in North America (Krunic et al., 1995; J.-N. Tasei, 
personal communication, March 2006). It is assumed that native bees in Europe’s alfalfa 
seed-growing regions provide adequate pollination for seed production (up to 1,000 kg/ha; 
Krunic et al., 1995; J.-N. Tasei, personal communication). Moreover, the moist European 
climate is not as optimal for managing M. rotundata as the climate in arid regions of North 
America (Krunic et al., 1995). The alfalfa seed production acreage in Europe recently 
has declined dramatically (e.g., seed production in France decreased from 25,000 ha 
in 1981 to 12,000 ha in 2005), although the average seed yield has increased (e.g., in 
France increasing from 250 kg/ha in 1981 to 420 kg/ha in 2005; Tasei, 1982; J.-N. Tasei, 
personal communication). This yield increase may be due to improvement in the pesti¬ 
cides used to combat weeds and alfalfa pests, along with the movement of producers into 
regions with more suitable seed-growing climates. The natural pollinator fauna appears 
to be the same as it was 30 years ago; therefore, improved seed production in Europe has 
not been attributed to better pollination (J.-N. Tasei, personal communication). 


Dilemmas Over the Decades 
Alkali Bee 

The alkali bee was used extensively in the United States into the 1960s, but today very 
few (< 50) alkali bee nest sites remain, and most are within Walla Walla County in the 
state of Washington (Cane, 2003; Mayer & Johansen, 2003). Rust (2004, 2005) reports 
that some active alkali bee nest sites are in Oregon, Idaho, Utah, Colorado, and Nevada, 
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although most of these sites contain few nesting females. It was prophetic that at the 
time that the excitement over the alkali bee was peaking, Bohart (1950) foresaw its 
demise. He listed the following three problems: limited species distribution, emergence 
asynchrony with the first alfalfa blooms, and annihilation by parasites (Bohart, 1950; 
table 7.2). However, the decline in use of the alkali bee as an alfalfa pollinator also has 


Table 7.2 Biological and management-related characteristics affecting the use of two bee 
pollinators for commercial alfalfa seed production. 


Characteristic 

Alkali bee 

Alfalfa leafcutting bee 

1. Nesting behavior 

Solitary, but gregarious 

Solitary, but gregarious 

2. Forage preference 

Legumes and more 

Legumes and more 

3. Pollination proficiency 

Excellent 

Excellent 

4. Natural habitat 

South of Canada and 

west of the Rockies 

Native to Eurasia; introduced 
into Americas and Australia 

5. Foraging distance 

About 3 miles (4.8 km) 

About 1 mile (1.6 mi) 

6. Special requirements 

Appropriate soil and 
large area for bee 
bed: subterranean 
water and salty soil 
surface 

Nesting materials, field 

domiciles; cleaning, storage, 
and incubation equipment; 
methods for disease and 
parasite control 

7. Management effort 

Low, after initial set-up 

High throughout 

8. Permanence 

Permanent, immobile 

bee nest site 

Portable bee cells, nesting 
material and domiciles 

9. Commercial availability 

None 

Mostly from Canada; also U.S. 

10. Production and transfer 
of surplus progeny 

Not easy: use soil cores 

Easy, in boards or as loose cells 

11. Emergence synchrony: 
timing with bloom 

Depends on locality 
and natural 
temperatures; little 
human control 

Depends on incubation timing 
and temperatures; can 
stagger releases 

12. Estimation of progeny of 
pollinator population 

Difficult for progeny; dig 
up soil samples for 
evaluation 

Fairly easy with dissection or 
x-ray of loose cells; rear out 
some for sex ratio 

13. Control of parasitoids 
and diseases 

Few; barriers and pitfall 
traps for meloid 
beetles 

Yes, chemicals for chalcids and 
traps for Sapyga and beetles; 
chemicals for chalkbrood 

disease 

14. Used in other crops 

No 

Yes, canola, melons, carrots and 
probably others 
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been attributed to intensified and diversified farming, lack of nest sites, poor weather 
conditions, direct bee poisoning by crop pesticides, indirect mortality by pesticide con¬ 
tamination of water used to moisten nest sites, and bee disease (Bohart, 1971; Wichelns 
et al„ 1992). Additionally, the current presence of other commercial bees in alfalfa seed 
stands may pose a negative impact on alkali bees through competition for resources 
(Mayer & Johansen, 2003). 

It is difficult to assess the quality and size of a population of alkali bees from year 
to year. Being able to predict the population density of female bees assists an alfalfa 
seed producer in determining whether more bees are needed to fulfill the pollination 
requirements of the seed crop. A simple but labor-intensive sampling protocol has 
been devised to estimate reproductive success, as well as mortality from microbial dis¬ 
ease, bomber flies, viruses, and other miscellaneous pests (Cane, 2003; Rust, 2005). 
Although none of the pests and diseases just mentioned are prevalent alkali bee mor¬ 
tality factors (Rust, 2005), some control measures may be taken to combat though not 
eliminate fungi, bomber flies, blister beetles, and velvet ants (Johansen & Mayer, 1982; 
Rust, 2005). 

Despite the diminished interest in the alkali bee in much of the alfalfa seed-growing 
regions, use of the bee has not been abandoned completely. Alkali bees are very effi¬ 
cient pollinators that provide consistent pollination across large alfalfa fields (e.g., 160 
ha), and not just in the vicinity of the alkali bee nest sites (J. H. Cane, 2007). Today 
alfalfa seed growers of Walla Walla County continue to maintain their land for alkali 
bees and depend on these bees for alfalfa seed production (Cane, 2003). Some of these 
growers supplement their alkali bee pollinator populations with alfalfa leafcutting bees, 
although this may limit available resources for alkali bee reproduction. As some grow¬ 
ers still rely on alkali bees, studies on renovation and establishment of artificial nest sites 
(Rust, 2006), on bee stocking densities (Cane, 2006), and on associated parasites and 
diseases (Rust, 2004, 2005, 2006) are warranted. 

Furthermore, Rust (2004, 2005) has examined the differences in size, development, 
emergence, and mortality of alkali bees from different regions of the western United 
States reared under controlled conditions. This research may lead to a better under¬ 
standing of adaptations to local climate and to innovations in manipulating or examin¬ 
ing factors that would facilitate future commercial use of N. melanderi. 


Alfalfa Leafcutting Bee 

After more than four decades of managing alfalfa leafcutting bees for alfalfa seed pro¬ 
duction in the United States and Canada, problems remain in sustaining healthy bee 
populations at the level needed for large-scale pollination. Although early recommenda¬ 
tions for the number of bees to release in alfalfa fields were 50,000 bees/ha (Richards, 
1984), today’s growers inundate their fields with 100,000-150,000 bees/ha (Pitts- 
Singer & James, 2002-2005, unpublished survey data). In the United States, at the end 
of the nesting season, the number of healthy progeny produced in alfalfa seed fields is 
always lower than the number of adult bees released at the beginning of the season. The 
major culprits for the lack of healthy progeny, in order of magnitude, are the occurrence 



116 Managing Solitary Bees 


of “pollen ball” and chalkbrood disease, summer emergence of nondiapausing progeny, 
and attack by pests and parasitoids (Pitts-Singer & James, 2002-2005, unpublished sur¬ 
vey data). The term “pollen bah" is used to describe a cell containing the pollen and 
nectar provision at a time when the provision should have been consumed by a develop¬ 
ing larva. Such cells may account for up to 60% of the cells produced by a population 
(Bohart, 1971). Examination of these cells reveals that some cells appear to have never 
had an egg laid in them, that some cells contain collapsed (dead) eggs or larvae, and that 
some cells are filled with saprophytic fungi (Pitts-Singer, 2004). The cause or causes 
remain unknown. Proposed theories for the incidence of broodless cells, cells with 
dead eggs and small larvae, or cell provisions consumed by fungus include the effects 
of microclimate and the impact of dense bee populations that cause rapid depletion of 
cell-provisioning materials. 

Chalkbrood is a fungal disease of alfalfa leafcutting bee larvae caused by Ascosphaera 
aggregata Skou and is detectable in older larvae (see chapter 8, this volume). Ascosphaera 
aggregata was first detected in the United States in 1975 in a Nevada alfalfa leafcutting 
bee population. By 1977, 50% of the bee larvae sampled in Nevada were infected, as 
well as 40% in Idaho and Oregon and 20% in Washington (McManus & Youssef, 1984; 
Vandenberg & Stephen, 1982). Techniques were developed and are used today in the 
loose cell system for curtailing the incidence of chalkbrood (Richards, 1984; chapter 8, 
this volume), yet chalkbrood incidence remains prevalent in the United States. 

Nondiapausing alfalfa leafcutting bee progeny that emerge as adults in the same 
summer in which they were produced are referred to as second generation. Although sec¬ 
ond-generation female bees may add to the pollinator population in the held, they gener¬ 
ally die or leave the held because of a lack of bloom, or their offspring die because they 
do not have time to develop to the overwintering prepupal stage. It is believed that being 
second generation is a heritable trait (Krunic, 1972; Parker & Tepedino, 1982). However, 
the fact that most second-generation bees emerge from the cells that are completed early 
in the season indicates that an environmental component may also be involved (Krunic, 
1972). More research is needed to thoroughly understand why and how second-gener¬ 
ation emergence occurs. 

Parasitoids and other pests can take a heavy toll on alfalfa leaf-cutting bees (Eves 
et ah, 1980; Richards, 1984; Woodward, 1994; Frank, 2003), accounting for more 
than 20% of the larval mortality at the end of the nesting season (Tasei & Carre, 1982; 
Pitts-Singer & James, unpublished 2002-2005 survey data). The major pests are small, 
chalcidoid wasps that may be controlled with light traps and insecticides during the leaf¬ 
cutting bee incubation period, but not during the nesting season. A trap also is available 
during the nesting season for controlling a common cleptoparasitic wasp, Sapyga pumila 
Cresson (Peterson et ah, 1992). The checkered flower beetle, Trichodes ornatus Say, lays 
eggs in bee nests, and its larvae feed on bee provisions, eggs, and larvae. Although a trap 
with a synthetic lure has been developed for controlling the flower beetle (Davis et ah, 
1979), I know of no one who uses it. Research on a parasitoid’s host acceptance and 
discrimination would help us to understand the mechanisms involved in hymenopteran 
parasitism of the alfalfa leafcutting bee, but currently no work is being done on using 
this information to control these pests (Tepedino, 1988a, 1988b). 
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Another concern with the alfalfa leafcutting bee is the number of bees needed for 
pollination. Flooding alfalfa fields with a large number of bees is an approach taken by 
many U.S. alfalfa seed producers. However, this approach may cause rapid depletion of 
local floral resources and available nest tunnels, thus decreasing overall bee reproduc¬ 
tive success and increasing bee dispersal for alternative resources. Whether this is a 
good strategy may depend on the grower’s desired outcome. U.S. seed producers want 
to gain quick seed set to avoid early season alfalfa seed pests and maximize their alfalfa 
seed yield. Flooding a field with bees at peak bloom may be the way to fulfill this desire. 
In Canada, however, a high bee yield may often be achieved by releasing a more appro¬ 
priate number of bees for the available resources in areas in which alfalfa seed is a less 
lucrative commodity. 

Finally, the safer use of insecticides during the alfalfa-growing season is a constant 
consideration. Control of weeds and arthropod pests such as Lygus bugs, aphids, alfalfa 
weevils, and mites demands the use of pesticides for good alfalfa seed yield (Frank, 
2003). Johansen and colleagues (1983) and Mayer & Johansen (1999) provide reviews of 
research done on the various effects of pesticides on bees. Studies in both the laboratory 
and the field reveal that alfalfa leafcutting bees, alkali bees, bumble bees, and honey 
bees react differently to pesticides depending on such factors as type of bee exposure, 
environmental conditions, chemical formulation, dosage and application, and life stage 
of the bee (Johansen et al., 1983; Frank, 2003; Riedl et al., 2006). Researchers continue 
to determine effects of new chemicals and formulations on alfalfa leafcutting bee mor¬ 
tality, as well as sublethal effects on foraging activity, nest building, and reproductive 
success (Barbour et al., 2004). 


Future Ventures 

The future of alkali bees for commercial pollination of alfalfa is up to those people who 
are committed to maintaining bee nest sites and providing adequate resources for sus¬ 
taining bee populations (Mayer & Johansen, 2003). As Wichelns et al. (1992) suggested, 
changes in the cultural practices associated with crops required to maintain alkali bees 
might be partly to blame for the bees’ decline. Although growers who currently pol¬ 
linate with alkali bees are satisfied, the alfalfa seed market may not sustain future gen¬ 
erations of seed producers who would continue to farm the land and care for the bees. 
Also, no major companies mass-produce and promote the alkali bee or investigate novel 
commercial uses for them on crops other than alfalfa. One possibility, however, is the use 
of this bee for pollination of wildflower seeds, as discussed in chapter 4 in this volume. 

It is unfortunate that emphasis on the use of the excellent alfalfa-pollinating alkali 
bee has waned. Undoubtedly, the success of alfalfa leafcutting bee management for 
pollination played a major role in the reduction of the use of alkali bees. Agriculture 
is a business, and producers must seek high yields, even at the expense of high input. 
The use of alkali bees as an effective pollinator may be more cost-effective once a bee 
nest site has been established, being less expensive than managing leafcutting bees 
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throughout each year. However, not everyone is able to create and maintain viable nest 
sites, and not every locality is adaptable for nest sites. In the end, most of today’s alfalfa 
seed producers prefer to use alfalfa leafcutting bees in part because these bees can be 
managed in areas in which soil and environment are suboptimal for alkali bee nesting. 
If one compares the commercial characteristics of these two bees, perhaps this prefer¬ 
ence is justified (see table 7.2). Use of alkali bees as pollinators has advantages over using 
alfalfa leafcutting bees only in its low input cost after initial establishment and its poten¬ 
tial permanence once it becomes productive. All other advantages favor the use of alfalfa 
leafcutting bees. Until new, more efficient and innovative methods are developed, the 
demand for alkali bees for alfalfa pollination is unlikely to increase. 

In modern North American agriculture, there may be cause for concern over the 
widespread reliance on the alfalfa leafcutting bee for the alfalfa seed industry. Canada 
is a primary producer of these bees, and U.S. seed producers are very dependent on this 
supply. If a catastrophic event were to negatively affect bee supplies (e.g., an uncontrolla¬ 
ble disease epidemic or malicious weather conditions during the nesting season), there is 
no readily available alternative pollinator to replace the alfalfa leafcutting bee. Another 
possibility is that competition for the supply of leafcutting bees with another crop (e.g., 
hybrid canola) could drive up the cost of alfalfa leafcutting bees. Higher demand for and 
cost of bees would impose financial hardship on U.S. alfalfa seed producers but, on the 
other hand, would benefit Canadian bee producers by boosting the marketability of prof¬ 
itable bees. As another example, consider the problems at hand with the mite Varroa 
destructor in honey bee hives (Doebler, 2000). These mites and the honey bee diseases 
that they vector are negatively affecting the number of strong hives available for pollina¬ 
tion of early spring crops such as almonds in California, leading to high hive rental fees 
(Sumner & Boriss, 2006) and perhaps less nut production in the near future. A comple¬ 
mentary and alternative pollinator is known for almond pollination, the blue orchard 
bee (see chapter 6, this volume), but a sufficient supply of and protocols for large-scale 
rearing and management of these bees are not yet available. 

Today, alfalfa leafcutting bees are being used as pollinators to hybridize canola seed 
(Soroka et ah, 2001). This species also is effective in pollination of melons (Goerzen & 
Mueller, 2005) and carrots, especially when they are confined with the crop in enclo¬ 
sures (Tepedino, 1997). Bee producers and researchers will continue to identify new 
crops that may be pollinated by alfalfa leafcutting bees, and this species may thus 
become increasingly popular as a pollinator. The effect of increasing demand for alfalfa 
leafcutting bees to pollinate new crops may ultimately have an impact on the cost and 
availability of these bees for pollination of alfalfa in the United States. This scenario and 
its consequences have yet to unfold but are conceivable. 

From a nonagricultural standpoint, the alfalfa leafcutting bee may rise in status 
similar to the honey bee as a model system for studies of insect societies. Many research¬ 
ers explore the unique characteristics of eusocial insects, but few look at the particular 
social attributes of solitary insects in light of how such adaptations or behaviors may be 
evolutionary precursors to eusociality. Studies of solitary aggregating bees that address 
nest and kin recognition, dominance behavior in nest establishment, nest usurpa¬ 
tion, sexual selection, and learning could enhance our understanding of insect social 
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evolutionary history. As scientists reveal the genetic makeup of the honey bee, new tools 
will become available for comparing genes and gene functions within the Hymenoptera 
and across insect orders that share similar behaviors. The ease of obtaining and main¬ 
taining M. rotundata will make them an obvious choice for use in basic evolutionary, 
behavioral, and genetic studies. From basic research laboratories we can gain a thor¬ 
ough understanding of the alfalfa leafcutting bee that will provide fertile ground for 
continuing agricultural studies to improve the management of this bee and others. 
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8 The Problem of Disease When 
Domesticating Bees 

Rosalind R. James 


When Colonies Suddenly Collapse 

When disease strikes, it can devastate a bee colony or nesting shelter and spread within 
an entire beekeeping operation. For example, U.S. beekeepers experienced large losses of 
honey bee colonies during the fall of 2006 and the spring of 2007. Reports vary, but 25% of 
all commercial colonies may have been lost in one season, with some individual beekeepers 
losing 75-100% of their bees (as reported by Diana Cox-Foster and Jerry Bromenshenk at 
the U. S. Department of Agriculture’s Colony Collapse Disorder Action Plan Workshop in 
Beltsville, Maryland, April 24, 2007). These losses followed a similarly large loss of honey 
bees 2 years previous to this. The deaths were not consistent with any of the known causes 
of bee die-offs, such as pesticide poisonings, varroa mites, the deadly larval disease called 
foulbrood, or starvation, which occasionally occurs during the winter. In the absence of any 
obvious explanation, this new syndrome came to be called colony collapse disorder (often 
abbreviated CCD), and it may be due to a new virus (Cox-Foster et al., 2007). Why is it that 
beekeepers experience such massive disease outbreaks when epizootics are seemingly rare 
in natural populations of bees? I attempt to address this question here, as well as to provide 
the reader with some broad hypotheses as to what we can do to avoid epizootics (disease 
outbreaks) in domesticated bees despite the pitfalls associated with trying to medicate bees. 


Identifying Infectious Diseases of Bees 


Records of diseases in natural populations of bees are scant, but the dearth may be 
due more to the difficulties we face in finding diseased bees than to the actual rarity of 
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wild-bee diseases. For example, diseased bees are most readily recognized as such when 
the insect is dead or dying, yet the majority of bee observations and collections focus on 
actively flying adults or adults making floral visits. Thus our most focused observations 
may be on the healthiest bees in the population. 

One approach to finding what diseases naturally occur in bees is to look for micro¬ 
organisms associated with either nesting materials or dead bees found in nests. 
Unfortunately, the microbial techniques required for this are very labor intensive 
and have major limitations, and so they yield few results despite considerable effort. 
For example, the methods most frequently used isolate only aerobic microorgan¬ 
isms that are easily cultured in the laboratory on nutrient agar. Aerobic microbes 
are those that utilize oxygen for growth. Many pathogenic organisms are anaerobic 
(cannot grow at normal oxygen levels) or require elevated levels of carbon dioxide 
(CO 2 ). Pathogenic microbes also sometimes have very unusual nutritional require¬ 
ments and, as a result, can be difficult to culture; or they may grow much more slowly 
than many of the common saprophytic microorganisms found in the soil and air. It 
is these common saprophytic microorganisms that are likely to be found in nests and 
dead-bee samples. As a result, the saprophytic microorganisms quickly overgrow 
the pathogens on a Petri plate, and we never know that the pathogens were there. 
However, these kinds of surveys can tell us about the types of microorganisms com¬ 
monly associated with bee nests. For example, Batra et al. (1973) conducted a thor¬ 
ough survey of the fungi associated with nests and dead bees for the honey bee ( Apis 
mellifera mellifera, Apidae), the alkali bee (Nomia melanderi, Megachilidae) and the 
alfalfa leafcutting bee (Megachile rotundata, Megachilidae) in the United States, Costa 
Rica, and India. Goerzen (1991) and Inglis et al. (1992, 1993) similarly recovered a 
large number of microorganisms, mainly fungi and bacteria, from alfalfa leafcutting 
bees and their nests. And Johnson et al. (2005) cultured a variety of fungi from honey 
bee larvae that had been killed by chalkbrood, a fungal disease caused by Ascosphaera 
apis (Ascomycete; table 8.1). These microbial surveys also may offer opportunities to 
understand how natural microflora affect the disease dynamics in a nest or colony 
of bees. For example, the natural microbial flora associated with bees (e.g., those 
found in the intestinal tract) have been found to affect bee susceptibility to pathogens 
(Gillespie et al., 2000; Gilliam et al., 1985, 1988). Some of these microbes are, so to 
speak, the “probiotics" of the bee world. 

Knowing these limitations to culturing pathogens from samples of dead bees or nest 
materials, you can see that an alternative approach is needed to identify pathogens. 
Another approach has been the use of bioassays. Bioassays have been conducted with 
bees to test their susceptibility to known insect pathogens, but generally such studies 
are performed when people are looking for possible nontarget effects of microbial pest 
control agents. For example, Ball et al. (1994) found that preparations of the fungus 
Metarliizium anisopliae (Deuteromycete) kill honey bees, but only when applied at dos¬ 
ages twentyfold higher than expected to be used for control of locusts, the target pest. 
Actual field application rates resulted in bee deaths of less than 10%. Lepidoptera-active 
nuclear polyhedrosis virus (Heinz et al., 1995) and entomopox virus from grasshop¬ 
pers (Goerzen et al.. 1990) were found not to infect bees in bioassays, and thus they 
are assumed to be nonpathogenic. Goerzen et al. (1990) did find the entomopathogenic 



126 Managing Solitary Bees 


Table 8.1 Examples of infectious diseases in bees 


Microbial 

Group 

Pathogen 

Known Hosts 

Host Stage 
Affected 

Disease 

Viruses 

Acute bee 
paralysis 
virus (ABPV) 

Bumble bee 
(Bombus 
terrestris) 

Adult 

Acute bee 
paralysis 



Honey bee (Apis 
mellifera ) 

Adult 

Acute bee 
paralysis 


Apis iridescent 
virus 

Asian honey bee 
(Apis serrana) 

Pupa 

Iridescent viral 

disease 


Deformed wing 
virus (DWV) 

Honey bee (Apis 
mellifera) 

Adult 

Deformed wing 
disease 


Kashmir bee 
virus (KBV) 

Honey bee (Apis 
mellifera) 

Larva, 

adult 

Kashmir viral 

disease 

Bacteria 

Paenibacillus 

larvae 

Honey bee (Apis 
mellifera) 

Larva 

American 

foulbrood 


Spiroplasma sp. 

Bumble bee 
(Bombus spp.), 

Honey bee (Apis 
mellifera) 

Adult 

Adult 

Spiroplasmosis 

May disease 


Streptococcus 

pluton 

Honey bee (Apis 
mellifera) 

Larva 

European 

foulbrood 

Fungi 

Ascosphaera 

apis 

Honey bee (Apis 
mellifera) 

Larva 

Chalkbrood 


Ascosphaera 

aggregata 

Alfalfa leafcutting 
bee ( Megachile 
rotundata) 

Larva 

Chalkbrood 


Ascosphaera 

torchioi 

Blue orchard 
bee (Osmia 
lignaria) 

Larva 

Chalkbrood 


Aspergillus 

flavus 

Honey bee (Apis 
mellifera ) 

Larva 

Stone brood 

Microsporidia 

Nosema apis 

Honey bee (Apis 
mellifera) 

Adult 

Dysentery 


Nosema bombi 

Bumble bee 
(Bombus spp.) 

Adult 

Nosema disease 


continued 
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Table 8.1 Contd. 


Microbial 

Group 

Pathogen 

Known Hosts 

Host Stage 
Affected 

Disease 

Protozoa 

Apicystis bombi 

Bumble bee 
(Bombus 
terrestris) 

Adult 

No name 


Crithidia bombi 

Bumble bee 
(Bombus 
terrestris ) 

Adult 

No name 


Crithidia 

mellificae 

Honey bee (Apis 
mellifera) 

Adult 

Flagellate 

disease 


Monoica apis 

Honey bee (Apis 
mellifera) 

Adult 

Gregarine 

disease 


fungus Beauveria bassiana (Deuteromycete) to be infectious to larvae of the alfalfa leaf¬ 
cutting bee, causing very high mortality, but I have found that different strains of this 
fungus can vary greatly in virulence to adult bees. For example, bees treated with 1 x 10 5 
spores had a mortality level that ranged from 30 to 74% for the alfalfa leafcutting bee 
and from 7 to 42% in the honey bee, depending on the fungal strain tested. Honey bees 
were always less susceptible to this fungus. 

Bioassays are useful for evaluating the virulence or pathogenicity of suspect patho¬ 
gens and microbial control agents, but they are not as useful for determining what 
pathogenic diseases naturally occur in bees. Furthermore, it is well known by those 
working in microbial control of insect pests that insects can be more sensitive to infec¬ 
tion in laboratory bioassays than in field situations (e.g., Beegle et al„ 1982; Latge 
et al„ 1983; Inglis et al„ 1997; Legaspi et al„ 1999, 2000; Wraight et al„ 2000). The 
lower levels of infection found in the field are sometimes due to poor survival of the 
pathogen or other factors that might limit insect exposure to the pathogen. For exam¬ 
ple, the pathogen may predominate in the field in a location at which the insect is not 
likely to come into contact with it. All the same, actual exposure and infection rates 
can be predicted quite accurately (e.g., Kish & Allen, 1978; Ferrandino & Aylor, 1987; 
Elkinton et al., 1995; Kot et al. 1996; Knudsen & Schotzko, 1999; Long et al., 2000; 
Klinger et al., 2006). 

Low levels of disease in the field can also be a result of environmental conditions 
that are not conducive to infection. For example, temperature and humidity sometimes 
inhibit a pathogen's ability to invade the host (e.g., Wallis, 1957; Thompson, 1959; 
Steinkraus & Slaymaker, 1994; Davidson et al., 2003), or environmental conditions may 
enhance an insect’s ability to resist infection (James & Lighthart, 1992; James et al., 
1998). Sometimes it is difficult to distinguish the host’s response from the pathogen’s. 
For example, chalkbrood infection levels can be increased by chilling bee larvae that 
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have been exposed to the pathogen (Torchio, 1992; Flores et al.. 1996; James, 2005a), 
but we do not know whether this response is due to a decrease in the immune response 
in the insect or an increase in the virulence of the pathogen. Regardless, some insects 
can take advantage of this temperature response by intentionally increasing either 
individual body or colony temperatures to combat infections, a response that has been 
called behavioral fever (Inglis et al. 1996; Starks et al., 2000). 

The most useful information we have on bee diseases comes from experience with 
managed bees, especially the honey bee, bumble bee (mainly Bombus terrestris, Apidae), 
and alfalfa leafcutting bee. We know that bee disease-causing organisms can come 
from most all the major groups of microorganisms, including viruses, bacteria, fungi, 
microsporidia, and protozoa (see table 8.1), similar to the pathogen diversity of other 
insects. When we keep, or manage, bees, we can monitor the entire life cycle, and if we 
want to build large populations, we attempt to maximize bee survival rates, often pay¬ 
ing attention to the causes of mortality of a particular bee for the first time. Thus it is 
through this activity that we discover the variety of diseases to which bees are suscep¬ 
tible. In addition, when we domesticate bees, we build up their densities to abnormally 
high levels, and high population density in itself can increase the prevalence of disease 
in insects (Anderson & May, 1981; Brown, 1987). 

Population density may not be the only determining factor in bee disease outbreaks, 
however. Social insects already have very concentrated populations yet are not known 
to be any more susceptible to epizootics than other insects. Why is this? Termites have 
been shown to be capable of reducing fungal infections by grooming each other to 
remove fungal spores (Boucias et al.. 1996; Rosengaus et al., 2000). Honey bees also 
demonstrate social behaviors that should decrease disease incidence in the hive, such 
as the detection and removal of dead and diseased larvae and dead adults (Milne, 1983; 
Gilliam et al., 1988; Spivak & Reuter, 2001). In addition, worker honey bees clean empty 
brood cells before the cell is used again for brood rearing, and they defecate outside the 
hive when weather permits. All of these behaviors should reduce epizootics in the hive, 
but they are not sufficient to keep out all infectious disease. Stow et al. (2007) found 
that social bees have greater innate immunity in the form of stronger antimicrobial 
compounds on the cuticle than do solitary and semisocial bees. In contrast, Evans et al. 
(2006) found that honey bees have about one-third the number of immune response 
genes known for houseflies and mosquitoes. They suggest that honey bees either have 
a few very highly tuned microbial defense systems or rely heavily on hive behaviors to 
defend against diseases. 

Genetic diversity may also play a role in colony susceptibility. New honey bee queens 
go on one mating flight during their lifetimes, but they may mate with a variable num¬ 
ber of drones. Queens who mate with several males (polyandry) produce workers that 
have more genetic diversity than queens who have mated with only one male. Palmer 
and Oldroyd (2003) found that this diversity resulted in the colony being more resistant 
to disease outbreaks. However, some bumble bee species also prefer polyandry, yet the 
number of males with which the queen mates does not seem to play a critical role in 
bumble bee immunity (Ruiz-Gonzalez & Brown, 2006). Why genetic diversity would be 
more important in one social bee and not the other is not clear. Perhaps it is because 
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honey bees have a much greater colony size than bumble bees or because the immune 
response in bumble bees may be more generalized and less adapted to specific pathogens. 
That is, the honey bee immune system may have developed mechanisms for identifying 
infections caused by specific pathogens, whereas bumble bees respond similarly to the 
presence of any foreign organism in the body and thus have a less diverse response to 
pathogen invasion. These ideas are purely speculative at this time. 

Most of this discussion has centered on colony-level responses to microbial threats, 
but also of concern in culturing bees is the prevention of epizootics that spread from 
one nest to another, be it between honey bee hives, bumble bee colonies, or individual 
nests of solitary bees. Little is known about disease transmission between colonies, 
yet this level of disease spread potentially will have the most impact on our ability to 
culture bees. 


The Need for Disease Control Strategies 

What happens when we do not concern ourselves with disease control in developing 
bee management systems? Historically, ignoring the potential for epizootics when try¬ 
ing to newly establish a bee or when moving an established bee to a new continent 
usually results in good bee production for several years before a disease eventually 
causes a catastrophe. For example, the alfalfa leafcutting bee is native to Europe and 
Africa (Friese, 1898; Enkulu, 1988) and was accidentally introduced into the United 
States (Hurd, 1954). To improve pollination for alfalfa seed production, the alfalfa leaf¬ 
cutting bee was intentionally mass propagated from wild populations in the western 
United States, starting in the 1960s (Stephen & Torchio, 1961). Unfortunately, no special 
measures were taken to prevent the concurrent mass propagation of pathogens. When 
methods were developed for mass nesting and increasing bee populations to very high 
densities, again, no special measures were taken for preventing epizootics. 

During the initial propagations, no diseases were known to occur in this bee. In 
1972, a new Ascomycete fungus, Ascosphaera aggregata, was found to cause chalkbrood 
disease in alfalfa leafcutting bees in Spain, and another fungus in the same genus, A. 
proliperda, was found to be causing chalkbrood in a closely related bee, M. centrus, 
in Denmark (Skou, 1975). At approximately the same time, severe outbreaks of an 
unknown disease were occurring in U.S. managed populations of the alfalfa leafcut¬ 
ting bee. This disease was finally identified as chalkbrood caused by A. aggregata (Skou, 
1975). Chalkbrood is a fungal disease of honey bees first described in 1916 (Maassen, 
1916). In honey bees, this disease is caused by A. apis, A. major (originally thought to 
be a subspecies of A. apis), or the closely related Bettsia alvei (primarily a saprophyte on 
honey bee pollen stores in the hive). Other Ascosphaera spp. have since been identified 
from chalkbrood-infected bees in managed alfalfa leafcutting bee populations, but the 
vast majority of infections are, from my personal experience, caused by A. aggregata, 
with A. proliperda being the second most common and mostly found in co-infections 
with A. aggregata. 



130 Managing Solitary Bees 


The original sources of A. aggregata and A. proliperda infections in U.S. populations 
of the alfalfa leafcutting bee have never been determined, but it is very likely that these 
pathogens were imported from Europe with the bee. By the time this bee was intro¬ 
duced into Canada, the danger of chalkbrood was well known, and control strategies 
were implemented. For example, only clean bee stock was introduced; bee cocoons are 
screened for disease each year, and infected populations destroyed; and sanitation is 
generally better than in the United States. Today, Canadian beekeepers typically dis¬ 
infect nesting boards, shelters, and cocoons (Frank, 2003; Hobbs, 2003). As a result, 
chalkbrood incidence is very low in Canada, less than 5%, and usually less than 1%; 
whereas disease incidence in the United States currently ranges from 11 to 36% (James 
& Pitts-Singer, unpublished survey), which is similar to levels found in California in 
1977 (Hackett, 1980). In other words, the chalkbrood prevalence in the United States 
may not have changed much since those first outbreaks! 

The first incidence of chalkbrood in the honey bee (caused by A. apis) in the United 
States was documented in California in 1968, and an epizootic occurred in 1970-1971 
(Rose & Christensen, 1984). Honey bee chalkbrood was widespread and common in the 
United States by 1975, but it never caused the pandemic that has occurred with chalk¬ 
brood in the alfalfa leafcutting bee, highlighting the fact that the occurrence of an out¬ 
break is not inevitable. Possible reasons for the differences in occurrence of this disease 
in the two bees are discussed later. 


Special Issues Associated With Disease Control in Bees 

The most obvious line of defense against disease in managed bee populations is to medi¬ 
cate the insects when they become sick. Unfortunately, bees are not easily medicated, 
even in the rare cases in which a drug may be available. The first problem to be sur¬ 
mounted is how to treat the bees. Individual bees generally cannot be treated because 
their numbers are too great, or they may not be amenable to treatment (e.g., larvae may 
be enclosed in cells in a nest). Barring the ability to treat sick individuals, we can treat 
whole populations by feeding drugs to the insects or applying medications to the hives. 
This works well mainly for the social bees: honey bees and bumble bees. For example, 
antibiotics can be fed in sugar syrup or in powdered sugar placed in the hive to combat 
foul brood and Nosema infections. The beekeeper, however, needs to be careful with the 
timing of drug applications to ensure that the chemicals do not find their way into honey 
and other hive products used for human consumption. 

Most solitary bees do not readily feed from feeders in the field, and individual adults 
do not share food with each other (trophallaxis), as do the honey bees. It is also very 
difficult to treat larvae of solitary bees because they are sequestered inside nests in the 
soil or in cavities such as twigs, reeds, or holes drilled in boards. It might be possible to 
apply medications to the flowers being visited by the nesting females as a way to transfer 
the compounds into the nest provisions. This method was tried by Mayer et al. (1990) 
to treat the alfalfa leafcutting bee but without consistent success. Getting this method 
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to work depends, in part, on being able to get a sufficient amount of chemical onto the 
anthers, from which pollen is collected by the bees, or systemically into the pollen or 
nectar. If a means can be found, an advantage to medicating solitary bees as compared 
with honey bees is that one does not have to worry about contaminating honey and 
other human consumables, such as wax destined to be used in cosmetics. 

Another ideal approach for disease control is to vaccinate bees. Sadd and Schmid- 
Hempel (2006) found that the European bumble bee (B. terrestris ) is able to develop 
long-term protection against bacterial infection after a sublethal infection, but no true 
vaccines have ever been developed for bees (or any other invertebrate, as far as I am 
aware). 

A third method of control could be to breed for disease resistance in bees, but unfor¬ 
tunately little is known about immunity in bees and the associated genetics. Some U.S. 
alfalfa seed growers have tried to breed for chalkbrood resistance by providing no disease 
control in their populations and never importing bees from Canada or other areas with 
low levels of chalkbrood. However, I have not been able to confirm whether this approach 
has worked or not. A similar strategy has been used in honey bees, but mainly for resis¬ 
tance to parasites such as varroa and tracheal mites. This situation should improve in 
the future. As our understanding of bee genetics and disease immunity improves, so will 
our ability to successfully breed for a variety of traits. 


The Disease Triangle and Epizootics 

The options for treating bees are limited, as are the known drugs with which to treat 
them. Those drugs that are available are borrowed from mammalian health care or 
plant disease control. However, another approach to the problem does exist, and that 
is to look at the entire disease cycle, and not just individual sick bees or colonies. I bor¬ 
row here an old concept from plant pathology, that of the disease triangle (figure 8.1). 
The basis for the disease triangle is that (1) a pathogenic disease does not consist of just 
a pathogen, (2) the pathogen must infect a host and cause some deleterious effects on 
that host before a disease occurs, and (3) the process of the infection and the response 
of the host are both affected by the environment. Thus a disease consists of three main 
components: the pathogen, the host, and the environment (Stevens, 1960: figure 8.1). 
The purpose of the disease triangle is to help us conceptualize the factors that affect epi¬ 
zootics and aid us in preventing disease outbreaks, which should be the main purpose 
behind a disease control strategy. 

Elements of the pathogen that affect epizootics are the microbe's life history traits. 
For example, we need to ask: What stages initiate infection, when do they occur, and 
can they be free-living in the environment? How is the pathogen transmitted from one 
host to another or one colony to another? Is an alternate host required or utilized? Also 
important are factors such as the virulence of the pathogen and how many propagules 
are present. The environment, in turn, can affect pathogen survival, virulence, and the 
ability of the pathogen to produce new infective propagules (figure 8.1). 
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Figure 8.1 The disease triangle for pathogens of bees consists of three elements, the patho¬ 
gen, the host, and the environment, and the interactions between these elements. Below 
each element is a list of examples of factors within the element that may have an impact on 
the manifestation of disease or its prevalence in the host population. 


Elements of the host that affect epizootics include: density and abundance, as already 
discussed: susceptibility to the pathogen; behavior as it affects exposure to the patho¬ 
gen: life cycle; occurrence of susceptible stages in relation to the occurrence of infec¬ 
tive propagules; and genetics (including innate susceptibility). The environment affects 
growth rate of the host, host susceptibility, and exposure to the pathogen (figure 8.1). 

To control a disease, it is important to understand how the components of the dis¬ 
ease triangle affect the rate of disease spread in a population over time. Bee manag¬ 
ers have little control over many of the host and pathogen factors, but they do have 
some control over the environment and can manipulate environmental components 
to favor the host and in this way dispel the disease, if they cannot dispel the pathogen. 
For example, cool temperature and high moisture favor chalkbrood disease in honey 
bees, and so this disease can be managed by maintaining hives in areas in which they 
will not get wet (which may mean using hive stands or screened bottom boards in some 
climates) and by working to maintain high populations of adult bees so that hive tem¬ 
perature and humidity can be more easily regulated by the colony. When a colony's 
population drops too low. it may need to be requeened or merged with another colony. 
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The ability that honey bees have to manipulate environmental conditions may be the 
primary reason why chalkbrood is not as serious a disease in these bees as it is in alfalfa 
leafcutting bees.The leafcutting bees are solitary bees and do not regulate nest tem¬ 
peratures. Also, the honey bee pathogen, A. apis, does not produce as many infective 
propagules (spores) in honey bees as A. aggregata does in the alfalfa leafcutting bee. It is 
my observation that leafcutting bees infected with A. aggregata are more likely to spo- 
rulate than are honey bee larvae infected with A. apis. When A. apis does sporulate in 
its honey bee host, often only part of the cadaver produces spores. On the other hand, A. 
aggregata produces spores in the majority of infected alfalfa leafcutting bee larvae, and 
it is common for the cadaver to be entirely covered in spores. This is, at least in part, an 
environmental effect (James, 2005a), but other elements of the disease triangle may be 
important, too. 

Sometimes the disease triangle has another dimension, such as a vector for the patho¬ 
gen. For example, varroa mites have been found to vector several viruses (Chen et ah, 
2006), and it is probably viruses that cause the severe colony losses found in association 
with varroa infestations (Martin, 2001). CCD in U.S. honey bees has been correlated 
with a virus that is also found in varroa-free bees imported to the United States from 
Australia, where CCD-like symptoms have not been reported to occur. One speculative 
explanation for the prevalence of CCD in the United States is that varroa depresses the 
immune system in U.S. honey bees, perhaps making them more susceptible to the virus 
(Cox-Foster et al„ 2007). If this is the case, varroa would add a fourth element to the 
CCD-disease triangle—not as a vector, but as a second pest that affects the prevalence 
of the disease. 

Adding a vector or a second parasite such as varroa can sometimes simplify disease 
control and sometimes complicate it. For example, the discovery that mosquitoes serve 
as the vector for the human pathogen causing yellow fever greatly facilitated the control 
of this disease. Mosquito abatement programs initiated in Havana in 1901 eliminated 
yellow fever in the city within the same year. This method was then taken to Panama, 
where the resulting disease control finally allowed the completion of the Panama Canal, 
which had been stalled due to the large number of workers that had been contracting 
malaria (Barrett & Higgs, 2007). However, in the case of varroa, vector control has not 
been successful. Varroa has proved to be very difficult to control in honey bee hives; 
thus, although the spread of viruses is greatly enhanced by the vector, this knowledge 
has not greatly enhanced control of the disease. 


Examples of Managing Bee Diseases Through 
Knowledge of the Disease Cycle 

Options for medicating bees are limited, so we need to try to control disease prevalence 
by breaking the disease cycle in another way. In this section I describe three cases in 
which this approach has been utilized: American foulbrood in honey bees, Nosema infec¬ 
tion in bumble bees, and chalkbrood control in the alfalfa leafcutting bee. 
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American Foulbrood 

American foulbrood is a larval disease of honey bees caused by the gram-positive, 
endospore forming bacterium Paenibacillus larvae (see table 8.1). This highly contagious 
disease spreads easily between colonies on contaminated hive tools and from the reuse 
of contaminated hive equipment. In the United States, this disease has been controlled 
with the use of the antibiotic terramycin; however, the pathogen has developed resis¬ 
tance to terramycin, and outbreaks of the disease have since reappeared (Kochansky 
et ah, 2001). Even before antibiotic resistance developed, terramycin did not always 
entirely eliminate the pathogen from the hive (Wilson et ah, 1973), and for this reason, 
in much of western Europe the disease is controlled instead by destroying hives known to 
be infected. There, hives are regularly inspected for the disease, and any suspected cases 
are sent to centralized testing laboratories. Efforts are also made to educate beekeepers 
in recognizing the disease and avoiding the spread of contaminated materials from one 
hive to another, including the frequent destruction and replacement of old combs. The 
success of this program is probably facilitated by the presence of fewer migratory bee¬ 
keepers in Europe than in the United States. 


Nosema Infection in Bumble Bees 

The second example involves bumble bee rearing and a disease called nosema, which is 
caused by the microsporidian Nosema bombi. The Microsporidia were originally classified 
as Protozoa, but they have recently been reclassified into the Fungi (Keeling, 2002; Adi 
et ak, 2005). In any case, the production of bumble bee colonies can be severely ham¬ 
pered by nosema. This disease causes sublethal infections that start with new queens. 
Infected bumble bee queens can establish new nests, but the workers that are produced 
lack vigor and have a reduced life expectancy, and so the growth potential of the colony 
is compromised. Small colonies also produce fewer new queens in the fall, and infected 
colonies produce infected queens. 

The European bumble bee, B. terrestris, has been successfully managed under arti¬ 
ficial conditions in Europe, but its importation into the United States has been banned 
because it is not native to North America. As a result, methods for rearing North 
American bumble bee species have been pursued. Bombus occidentals is a bumble bee 
native to western North America and has been found to be suitable for domestication, 
except that it is highly susceptible to nosema (Velthuis & van Doom, 2006). Another 
bumble bee that is relatively easy to rear is B. impatiens, and it is less susceptible to the 
disease. Thus B. impatiens is the preferred bumble bee for propagation and sale to green¬ 
house growers in North America. However, this bumble bee does not occur west of the 
Rocky Mountains, and so its use is restricted in the United States. For example, it can be 
sold only east of the Rocky Mountains and be used only inside carefully screened green¬ 
houses or other enclosures; “queen-excluders” are required to prevent the accidental 
release of new queens from the colony into the environment (Velthuis & van Doom, 
2006). The concern is that bumble bees reared in a facility may spread nosema to wild 
bees. In addition to these measures designed to prevent the spread of the disease from 
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rearing facilities into the environment, control strategies are needed in the rearing facil¬ 
ity itself. Like the American foulbrood example earlier, the disease is mainly controlled 
in rearing facilities by destroying colonies that appear to be infected. 


Chalkbrood in the Alfalfa Leafcutting Bee 

Both of the preceding examples are extreme cases in which control was achieved by 
completely destroying colonies in an attempt to control disease spread. In my third 
example, a different approach was taken. As described earlier, chalkbrood is a serious 
disease in alfalfa leafcutting bee populations in the western part of North America, 
where the bee is managed for alfalfa seed production (see chapter 7, this volume). The 
disease is spread as follows: adult bees become contaminated with spores when they 
emerge from the natal nests. What happens is that some of the healthy emerging adults 
get trapped behind dead, diseased siblings in the nest and are forced to chew their way 
through these cadavers to emerge (Vandenberg et al„ 1980; figure 8.2A). Contaminated 
females then inadvertently deposit the spores with the pollen mass with which they pro¬ 
vision their nests (figure 8.2B). The contaminated pollen provisions are then eaten by 
the developing larvae, who become infected through the gut (Vandenberg & Stephen, 
1982; McManus & Youssef, 1984: figure 8.2C), and then die as fully developed larvae, 
when the fungus finally produces spores (James, 2005a: figure 8.2D). 

When I first began working with this bee in 2001, the most common practices used in 
the United States for controlling the disease were twofold. Most beekeepers removed the 
bee cells from the nesting boards and then separated the cells from each other mechani¬ 
cally. These cells contain the overwintering cocoons (in a prepupal stage). The idea was 
to eliminate the source of spore dispersal described previously. Removing the overwinter¬ 
ing bees from the nesting boards also allowed the beekeepers to conduct the second step, 
which was to disinfect the nesting material by baking the boards (for wooden boards) or 
fumigating them with either methyl bromide or formaldehyde gas (for wooden or poly¬ 
styrene boards). However, their attempts to disinfect the nesting boards were often not 
successful. Even when they were successful (or when clean new boards were used), dis¬ 
ease levels were unaffected (James, 2005b). Thus, despite these efforts, chalkbrood levels 
remained the same as before such treatments were implemented. 

The explanation for this lack of control was that removing the bee cells from the nest¬ 
ing boards did not eliminate the source of contamination, although that was the inten¬ 
tion. The reason is that most chalkbrood-infected larvae die before they spin a cocoon 
(James, 2005a), and, when the nest cells are separated from the nesting boards and 
then tumbled to remove debris (another common practice), the cells without cocoons 
fall apart because they are more fragile. The result is that the spores from the chalkbrood 
cadavers get spread throughout the batch of bee cells. When the cells are spread out on 
trays and incubated the next spring, the emerging adults crawl through this contami¬ 
nated material and pick up large numbers of spores (James & Pitts-Singer, 2005). This 
source of spores can be targeted by applying fungicides to the cells as they are being 
prepared for incubation, a method that can reduce chalkbrood incidence in the next 
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Figure 8.2 Life cycle of chalkbrood in the alfalfa leafcutting bee. (A) Longitudinal cross-sec¬ 
tion of a nest cavity showing a dead, infected larva (in the center cell) blocking the emergence 
path of a newly formed adult in the nest. When the bee behind the cadaver emerges, she 
must chew through the cadaver and, in the process, becomes contaminated with chalkbrood 
spores. (B) A nesting adult female that is contaminated with spores transfers the spores to 
the pollen she collects as food provisions for her larvae. (C) A larva contracts the disease after 
eating spores that contaminate the food provisions in the nest cell. (D) Larvae typically die 
after they have reached full size, and then the fungus sporulates on the cadaver. 


generation (James, 2006). The Canadians also control this source of spores by fumigat¬ 
ing the loose cells with paraformaldehyde (Goerzen, 1993; Goettel & Duke, 1996), and 
they have a very low incidence of chalkbrood, as described earlier. 

An important point here is that initial efforts to control the disease focused on disin¬ 
fection of the nesting materials, a practice that missed targeting a major mode of trans¬ 
mission for this disease. A similar error may be occurring in our attempts to control 
foulbrood in the honey bee. Dobbelaere et al. (2001) found that hive disinfection methods 
that eliminate > 99.9% of the P. larvae spores do not control foulbrood disease. Perhaps 
other forms of disease transmission play a key role in persistence of this disease, such as 
healthy honey bee colonies robbing diseased ones (Fries & Camazine, 2001). 


Summary 


As with all other biota on Earth, bees are susceptible to diseases, and when we domes¬ 
ticate them, we increase their population densities to suit our needs. This increase in 
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population density makes them more susceptible to disease, and it also brings the natu¬ 
ral diseases to our attention when we see them for the first time. Thus, when we domes¬ 
ticate bees, we need to pay attention to disease control. Most examples of bee disease 
control are known from honey bees because of our long history of managing this bee. 
Most modern attempts at honey bee disease control have centered on either the use of 
drug treatments or the destruction of entire colonies and all the associated hive equip¬ 
ment. However, it is clear that disease control strategies are more likely to be success¬ 
ful when the disease cycle within the managed system is understood and taken into 
account. As with the discovery and implementation of integrated pest management sys¬ 
tems for pest control in crops, we are likely to obtain the most utilitarian disease control 
if we avoid thinking that the only means of controlling disease is being sanitary and 
destroying infected colonies. We must make an attempt to understand how the disease 
is spread, identify that time and place in our management system for which the patho¬ 
gen is most vulnerable, then target our treatments toward that stage, be the treatments 
chemical, biological, genetic, or otherwise. 
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9 Environmental Impact of Exotic Bees 
Introduced for Crop Pollination 

Carlos H. Vergara 


Introduction 

Many bee species have been introduced for crop pollination around the world. The 
superfamily Apoidea (bees and sphecoid wasps) constitutes a very diverse group of 
insects, with more than 20,000 recognized species. The most important activity of 
bees, in terms of benefits to humans, is their pollination of all kinds of plants. Over 75% 
of the major world crops and 80% of all flowering plant species depend on insects for 
pollination (Nabhan & Buchmann, 1997). Bees are the main pollinators of more than 
130 crop species in the United States and more than 400 crop species worldwide. They 
are the most important and common insect pollinators, accounting for more than 95% 
of the visits of insects to flowers. Bees pollinate 63 (77%) of the world’s 82 most eco¬ 
nomically important plant species, and they are the most important known pollinator 
for 38 of those plant species (Delaplane & Mayer, 2000). The economic value of honey 
bee pollination has been estimated for the agricultural industry of several countries 
(table 9.1). 

In the first section of this chapter, I consider the role of bees as pollinators and the 
motivation behind introductions and historical aspects of introductions. In later sec¬ 
tions, I examine the information available on effects that introduced bees have on native 
fauna and flora and the effects of introduced pollinators on exotic fauna and flora for 
honey bees, bumble bees, megachilids, and halictids. In the penultimate section I con¬ 
sider some practical and legal aspects of introducing exotic bees, and in the final section 
I offer a conclusion on the subject of introducing bees as pollinators. 
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Table 9.1 Economic value of honey bee pollination for crop production. 


Region 

Value 

Reference 

United States 

US $9 billion 

US $1.6-5.7 billion 

Robinson et al. 1989 

Southwick and Southwick 1992 

Canada 

Can $443 million 

Scott-Dupree et al. 1995 

United Kingdom 

£202 million (all insect 
pollination) 

£137.8 million (honey 
bee pollination) 

Carreck and Williams 1998 

European Union 

US $4.3 billion 

Borneck and Bricout 1984 

Borneck and Merle 1989 

Australia 

Aus $17 billion 

Gordon and Davis 2003 


Reasons for Introducing Bees Outside Native Ranges 

Bees in general are regarded as beneficial insects for their role in pollination, and as 
a result, several species have been purposely introduced outside their natural ranges. 
However, the number of documented accidental introductions is far greater than the 
number of intended introductions. For example, of the 21 exotic bee species found in 
North America, 17 were accidental introductions (Cane, 2003). In a few cases, the intro¬ 
duced species were not introduced for pollination purposes. 


Honey Bees 

Honey bees (genus Apis L.) are originally from the Old World. Eleven Apis spp. are cur¬ 
rently recognized (Michener, 2000), of which Apis mellifera, A. cerana, and A. florea have 
been domesticated, are used for beekeeping in different regions of the world, and have been 
introduced outside their natural ranges. Apis mellifera has diverged into more than 
25 subspecies. Although native to Europe and Africa, many different races of A. mellifera 
have been introduced to virtually every country in the world, with the exception of 
Antarctica. Most of these introductions occurred during the colonization process by 
European settlers around the world. The Asiatic hive bee, A. cerana, is native to Asia 
between Afghanistan and Japan and from Russia and China in the north to southern 
Indonesia. Hives of this bee have been taken from Baluchistan to Iran (Crane, 1995), and 
this species has been introduced recently to Papua New Guinea (Bradbear & MacKay, 
1995). Apis florea is native to Oman, spreading southeast through Asia as far as some of 
the islands of Indonesia. In recent years, it was introduced to Sudan and has been lately 
reported in Iraq (Glaiim, 2005). 
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Nine subspecies of A. mellifera were introduced into the United States before the 1920s. 
Most of these subspecies were from Europe (A. m. mellifera, A. in. iberica, A. m. caucasica, 
A. m. ligustica, A. m. carnica), but some were from Africa (A. m. intermissa and A. m. lamarcki ) 
and the Middle East (A. m. cypria and A. m. syriaca). In the 1990s, the descendents of 
one more subspecies, the African A. in. scutellata (referred to as Africanized honey bees), 
arrived from Mexico and expanded in the southwestern United States (Pinto et al„ 2003). 
Two subspecies were introduced by Spanish and Portuguese settlers into most of Latin 
America, A. m. iberica (the Spanish bee) and A. m. mellifera (the German bee). 

The first known successful importation of Italian queen bees to the United States was 
made in 1860 (Pellett, 1938). At the beginning of the twentieth century, the Italian bee, 
A. m. ligustica, was introduced from the United States to many countries and regions 
in Latin America, including the Yucatan peninsula, where no previous introduction of 
A. mellifera had occurred. 

In 1956 the Brazilian government commissioned Warwick Kerr to introduce African 
bees (A. in. scutellata ) to Brazil to produce a new breed of honey bees. This new breed 
was to be less defensive than the wild African bees but more productive than European 
honey bees in Brazil’s tropical setting. At the time, Brazil ranked 47th among the world's 
honey-producing countries. With the arrival of the new variety, that country’s ranking 
quickly rose to seventh. 

Honey bees (most likely A. in. mellifera) were introduced into Australia in 1810 by 
Samuel Marsden. who imported an unknown number of colonies from England. The 
early settlers attempted to use the honey bees for pollination of their fruit trees, but the 
first attempts to establish bee colonies failed. A second successful introduction was made 
in 1822, and further introductions to Australia were made over the next 50-60 years. 
Honey bees were probably not widespread until about 1930, although precise informa¬ 
tion on the rate of introduction and distribution is not available (Paton, 1996). 


Reasons for Introducing Honey Bees Outside Native Ranges 

Most of the initial introductions of honey bees to new regions were done to produce 
honey and wax or to improve the production that was obtained with the species or races 
previously used. Other bee products, such as pollen, bees (as packages or nuclei), and 
queens, have become of commercial importance more recently. Pollination as a com¬ 
mercial activity has become highly relevant in the past 50 to 60 years, except for the 
aforementioned case of early introductions into Australia. 

Honey bees are generalists and visit a wide array of plants in bloom during one sea¬ 
son. Being generalists, they are not the best pollinators for every crop and actually visit 
less than one-third of all plant species in a given locality (Butz-Huryn, 1997). However, 
honey bee colonies can be managed, transported and manipulated very efficiently for 
most crops. They can also be selected for increased pollen hoarding. 

In the United States the majority of honey bee colonies rented by growers are used 
on only 13 crops, and 2-2.5 million out of a total 2.9 million colonies are rented for pol¬ 
lination each year (Morse & Calderone, 2000). In 2004 the almond crop alone required 
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1.4 million honey bee colonies. Given the growth in almond acreage projected for the 
next 6 years, California will require about 2 million colonies for almond pollination 
by 2012 (Sumner & Boriss, 2006). More than 47,000 colony rentals take place every 
year in Canada (Scott-Dupree et al.. 1995). and in Mexico about 200,000 colonies were 
rented in 1999 for the pollination of at least 15 crops, including the major export crops 
(Lastra-Marin & Peralta-Arias, 2000). Australia has no nationwide figures on the num¬ 
ber of colonies rented for pollination, but it is estimated that 40,000 honey bee colonies 
are used each year for crop pollination in the state of Victoria, which has about 20% of 
the total number of hives in Australia and is the most important horticultural area in 
that country. It appears that expansion of the almond industry in Victoria within 6 or 7 
years will require more than 40,000 colonies for almonds alone. Some of these colonies 
may need to be sourced from New South Wales (Benecke, 2003). 


Effects of Introduced Honey Bees on Native Plants 

Honey bees could alter the pollination rates of plants in several different ways (see also 
chapter 10, this volume). They could: (1) add to the services provided by native pollina¬ 
tors and increase seed production: (2) displace native pollinators from flowers without 
providing equivalent pollination services, leading to declines in seed production: (3) alter 
the behavior of native pollinators in ways that alter patterns of pollen dispersal, leading 
to changes in seed production: and (4) remove pollen from flowers and thus reduce the 
quantities of pollen being transferred to flowers by legitimate pollinators, leading to a 
decrease in seed production (Paton, 1996). 

Honey bees are major or secondary pollinators of many native plants in Australia, 
New Zealand, and the Americas. In these regions, honey bees visit a wide variety of 
plants but tend to intensively utilize 15-25% of the species available (reviewed in 
Butz-Huryn, 1997). Honey bees provide efficient pollination for some native plants in 
Australia, North America, and South America. They also have been shown to be floral 
parasites of native plants in Australia, North America, and Jamaica and to reduce seed 
set of native species in the neotropics and in Australia (Goulson, 2003). 

The effects of honey bees on the production of seeds by native plants have been docu¬ 
mented in different regions of the world. In Australia, seed production for some plants 
was reduced when honey bees were frequent floral visitors (e.g., Callistemon rugulosus 
[Myrtaceae]; Paton, 1993), whereas for others seed production was enhanced (e.g., 
Banksia ornata [Proteaceae]; Paton, 1996). Studies on bird-adapted Australian plants 
such as Correa reflexa (Rutaceae: Paton, 1993) and Brachyloma ericoides (Epacridaceae; 
Celebrezze & Paton, 2004) showed that native birds contributed significantly to fruit set 
even though honey bees were much more frequent visitors to these flowers. Bird exclu¬ 
sion experiments performed with the latter plant species produced a mean percentage 
of 12.3 ± 2% fruit set, whereas open pollinated plants produced 21 ± 2% fruit set. Plant 
species whose seed production increased were those that received inadequate attention 
from their native pollinators (Paton, 1996). Plant-pollinator systems are vulnerable to 
perturbations such as habitat clearance and degradation, and some Australian plants 
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may now depend on honey bees for full pollination because their native pollinators have 
declined dramatically or even disappeared in some areas. 

In Brazil, introduced honey bees were shown to reduce pollination success of Clusia 
arrudae (Clusiaceae), a dioecious species pollinated by Eufriesea nigrohirta (Apidae, 
Euglossini) that visit C. arrudae flowers to collect resin. Honey bees remove an excess of 
pollen without performing pollination. Male flowers, however, are also visited by indi¬ 
viduals of A. mellifera, which remove about 99% of their pollen grains. WhenE. nigrohirta 
bees depart from flowers previously visited by A. mellifera, they carry on their bodies less 
than 0.1% of the pollen grains carried by E. nigrohirta bees that depart from flowers not 
visited by honey bees. This may explain why the frequency of A. mellifera at male flowers is 
negatively correlated with the number of seeds produced by female flowers. Pollen deple¬ 
tion by A. mellifera, therefore, reduces the effectiveness of the native pollinator (Carmo et 
al.. 2004). fn a study on pollen movement in Impatiens capensis (Balsaminaceae), Wilson 
and Thomson (1991) found that pollen-collecting A. mellifera removed almost twice as 
much pollen as nectar-collecting Bombus when visiting a virgin-male phase flower but 
deposited an order of magnitude less on stigmas of virgin-female phase flowers. 


Effects of Introduced Honey Bees on Native Pollinators 

Introduced honey bees could potentially compete for floral resources with native bees and 
cause reductions in survival, growth, or reproduction in these bees. Research into honey 
bee-native bee competition has focused mainly on indirect measurements such as floral 
resource overlap, visitation rates, or resource harvesting, and any negative interaction 
has been interpreted as competitive exclusion of wild bees by honey bees. Although this 
research can be valuable in indicating the potential for competition between honey bees 
and native bees, assessments of fecundity, survival, or population density are needed to 
determine whether the long-term survival of a native bee species is threatened. Paini 
(2004) reviewed 38 studies on this subject, most of which used indirect measurement of 
competition. Many of these studies were compromised by low replication, confounding 
factors, or poor interpretation of results. Based on the few studies that quantified the 
impact of honey bees on native bee survival, fecundity, or population densities, Paini 
(2004) was unable to make any definite conclusion regarding the real impact of honey 
bees on wild bees. Butz-Huryn (1997) similarly concluded that there was little evidence 
that the presence of honey bees has any impact on native bees, just as Paini et al. (2005) 
found for a native Australian Megachile (Megachilidae). Thomson (2004) experimentally 
tested the effects of honey bees by evaluating foraging behavior and reproductive suc¬ 
cess of a native eusocial bee, Bombus occidentals Greene, in coastal California. Bombus 
occidentals colonies located near experimentally introduced honey bee hives had lower 
mean rates of forager return and a lower ratio of foraging trips for pollen relative to nec¬ 
tar. Estimates of both male and female reproductive success of B. occidentals also showed 
a reduction with greater proximity to introduced honey bee hives. Reproductive success 
correlated significantly with measures of colony foraging behavior, most strongly with 
the relative allocation of foraging effort to pollen collection. 
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Few studies have focused on the interactions between introduced honey bees and 
native bird pollinators, but honey bees have been shown to have substantial niche 
overlap with nectarivorous birds. For example, the presence of honey bees in Arizona 
has been found to deter foraging by hummingbirds (Schaffer et al„ 1983). In Southern 
Australia, honey bees are now the most frequent floral visitors and often remove more 
than 80% of the floral resources being produced, even from plants that are pollinated 
largely by birds (Paton, 1993, 1996). Removal of floral resources results in native fauna 
being displaced from flowers, and in one case local population densities of New Holland 
honeyeaters (Phylidonyris novaehollandiae, Meliphagidae) were reduced (Paton, 1993). 
Honey bees largely displaced honeyeaters from flowers of Callistemon rugulosus without 
effecting comparable pollination, leading to reduced seed production (Paton, 1993). In 
another bird-pollinated plant, Correa reflexa, removal of pollen from flowers by honey 
bees reduced the amounts of pollen that birds (mostly honeyeaters) would subsequently 
deliver to flowers (Paton, 1993). In contrast, in the case of the winter-flowering Banksia 
ornata, introduced honey bees are effective pollinators and, in fact, provide much-needed 
pollination service because of a shortage of Banksia's native pollinators, nectar-feeding 
birds, including honeyeaters (Paton, 1997). Ironically, honey bees may have contrib¬ 
uted to this shortage by consuming substantial quantities of the limited summer and 
autumn floral resources, thereby reducing honeyeater populations. 

No study to date has examined competition for floral resources between introduced 
honey bees and nectarivorous bats on flowers. This type of interaction could occur in 
regions in which agaves and columnar cacti are important elements of the vegetation. 
Several studies in this kind of habitat have shown that diurnal visitation by honey bees 
and other insects may either act synergistically with bat visitation to increase reproduc¬ 
tive success of the plants or be unimportant when the plants depend mainly on bats to 
set seed (Molina-Freaner and Eguiarte, 2003; Rocha et al., 2005). 

Another negative interaction that may occur between bats and honey bees is com¬ 
petition for nest sites. This aspect has been studied in Australia, where a wide variety of 
vertebrates, including bats, may use hollows in trees for roosting and nesting (reviewed 
in Paton, 1996). However, there is no strong evidence of competition between feral 
honey bees and bats nesting in hollows. Concern about competition for nest sites is based 
largely on recorded instances of honey bees occupying hollows that had previously been 
used by bats, parrots, or nightjars (Paton, 1996). These displacements, however, may 
involve only a small proportion of the population and have no significant effect on the 
population sizes of native fauna, particularly if other hollows are available for use. 


Bumble Bees 

The first attempt to introduce bumble bees outside their natural distribution ranges took 
place in 1875, when queens of at least two species from England were released in New 
Zealand. The introduced bees were established in New Zealand by 1885. In the early 
1980s B. ruderatus was introduced from New Zealand to Chile (Arretz & McFarlane, 
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1986). Currently, it is established in most mesic regions of Chile and is the most abundant 
floral visitor found in temperate forests of southwestern Argentina (Morales & Aizen, 
2006). Bombus terrestris has been used for agricultural crop pollination since the late 
1980s, primarily in Europe, but ultimately in more than 15 countries. In many coun¬ 
tries in which it has been imported, populations of B. terrestris have become naturalized 
and are rapidly expanding their ranges. Bombus terrestris is currently used for green¬ 
house crop pollination in many countries outside its native geographic range. Bombus 
impatiens is the only species cultivated in North America on a commercial scale. Bombus 
occidentalis was also reared for use in the states west of the Rocky Mountains. However, 
the recurrent heavy infestations of B. occidentalis colonies with the fungal pathogen 
Noserna bombi caused severe problems, so that the mass breeding of this species was dis¬ 
continued (Thorp, 2003). 

Bombus terrestris 

Due to increasing commercial availability of artificially reared colonies, B. terrestris 
is currently used for greenhouse crop pollination in many countries outside its native 
geographic range. The native range of B. terrestris covers all of Europe, the coastal 
area of North Africa, and the Middle East, as well as the western part of Asia. Within 
these areas, it is represented by a number of subspecies that differ in a variety of behav¬ 
ioral traits, including floral color preferences, flower detection, and learning behavior 
(Chitka et al, 2004). This species has been introduced into New Zealand (Macfarlane 
& Gurr, 1995), Tasmania (Goulson, 2003), Brazil, Chile, Mexico, Japan (Thorp, 2003), 
and Uruguay (Freitas et al., 2003), among other countries. It was also apparently intro¬ 
duced into mainland Australia (New South Wales) but did not establish (Froggatt, 1912; 
Rayment, 1935). In 2003, one worker and one queen of B. terrestris were found on main¬ 
land Australia (Dollin, 2003). Worldwide sales of B. terrestris are estimated to be around 
850,000 colonies per year (Velthuis & van Doom, 2006). 


Effects of Introduced Bombus terrestris 
on Native and Introduced Plants 

Bombus terrestris is the only bumble bee species introduced to Australia and New Zealand 
that visits native plants. Studies on preferences for introduced plants by B. terrestris in 
Australia and New Zealand have not provided corroborating evidence. In New Zealand, 
B. terrestris visits more species of introduced plants than native plants (Hanley & Goulson, 
2003). On the Australian island of Tasmania, no difference in attractiveness of introduced 
plants and native plants to this bumble bee was found in a garden at the intersection of an 
urban area and native vegetation (Hingston, 2005). 

To date, no studies are available on the effects of exotic bumble bees on the reproduc¬ 
tion of native plants. Bombus terrestris has the potential to disrupt pollinator services 
by robbing bird-pollinated flowers (e.g., Epacris impressa [Epacridaceae] in Tasmania; 
Hingston & McQuillan. 1998). By definition, nectar robbers obtain a reward by piercing 
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floral tissues without contacting the anthers and stigma, thereby failing to effectively 
transfer pollen (Inouye, 1979). When the structure of the flower makes access to the 
nectaries impossible, B. terrestris (and some other bee species) use their mandibles to 
bite through the base of the corolla and act as floral parasites, removing nectar without 
pollinating the plant. The consequences of this behavior are not easy to predict. Robbers 
can reduce the amount of reward available, causing decreased visitation rates by pol¬ 
linators (McDade & Kinsman, 1980) and a reduction in seed set (Roubik, 1982; Roubik 
et al„ 1985; Irwin & Brody, 1999). Robbing can also damage floral tissues, interfering with 
or preventing seed production (Galen, 1983). Nectar robbers may pay some legitimate 
visits to the plants they otherwise rob (Inouye, 1979). Thus nectar robbing may have 
little influence on plant fecundity if nectar robbers also collect pollen and, in doing so, 
pollinate the plant or if other pollinators are present (Newton & Hill, 1983; Arizmendi 
et al., 1995; Morris, 1996; Stout et al, 2000). Some plants may actually benefit from 
the activity of nectar robbers by forcing legitimate foragers to make more long-distance 
flights, hence increasing genetic variability through outcrossing (Zimmerman & Cook, 
1985). They also can force legitimate pollinators to visit more flowers per unit time, 
thereby increasing seed set (Heinrich & Raven, 1972). 

The most important effect that B. terrestris could have on introduced plants would be 
invasive mutualisms with weed species. This topic is dealt with in detail in chapter 10 
of this book. 


Effects of Introduced Bombus terrestris on Native Pollinators 

The only study to date that addresses this question was carried out in Tasmania by 
Hingston and McQuillan (1999). Two species of native Chalicodoma (Megachilidae) bees 
were apparently displaced by B. terrestris foragers at Gompholobium huegelli (Fabaceae) 
flowers. The study did not, however, measure the impact of this displacement on repro¬ 
ductive aspects of the native megachilids. 

The studies ofPaini and Roberts (2005) and Paini et al. (2005) on the effects of honey 
bees on native Australian bees indicate that the response of bees to the presence of intro¬ 
duced pollinators, such as B. terrestris, would depend on the species involved and on 
specific adaptive traits of the native species. 

Massive movement of nonnative populations of B. terrestris as a consequence of com¬ 
mercial production of colonies for greenhouse crop pollination within the distributional 
range of the species has been conducted with no risk assessment. Bombus terrestris popu¬ 
lations differ significantly from each other in their genetic makeup, as demonstrated by 
strong differences in coat color and behavioral traits. For example, Ings et al. (2005) 
have shown that Canary Island bees (B. t. canariensis ) were superior in their nectar for¬ 
aging performance to Sardinian bees (B. t. sassaricus), which were generally superior 
to mainland European bumble bees (B. t. terrestris). These interpopulation differences 
in performance are largely explained by interpopulation variation in forager size, with 
larger bees being superior foragers. However, even when body size was accounted for, 
“native” bees were found not to be superior to transplanted non-native bees in all but one 
case. In conclusion, non-native populations, especially those with large individuals, can 
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be highly competitive foragers. This could lead to the establishment of non-native bees 
and the displacement of native ones. 


Effects of Introduced Bombus terrestris 
on Introduced Pollinators 

No information is available on the possible effects of B. terrestris on foraging or reproduc¬ 
tion of other introduced pollinators, such as A. mellifera. In New Zealand, where four dif¬ 
ferent introduced bumble bee species occur, B. terrestris is the most abundant, whereas 
two of the other three species (B. ruderatus and B. subterraneus) are rare, and their popu¬ 
lations are apparently declining. The fourth species, B. hortorum, is relatively abundant. 
However, these differences in abundance seem to be related to the abundance of intro¬ 
duced forage plants rather than competition between bumble bee species (Goulson & 
Hanley, 2004). 


Bombus ruderatus 

Bombus ruderatus was introduced to New Zealand between 1875 and 1906 and became 
established in both the North and the South Islands. Populations of B. ruderatus are now 
declining in New Zealand, as flower-rich meadows are being lost in that country (Goulson 
& Hanley, 2004). A possibility not examined by Goulson and Hanley (2004) is the occur¬ 
rence of competitive displacement of the rare bumble bee species by B. terrestris. 

This bumble bee was introduced to Southern Chile in 1982 from a New Zealand stock 
(Arretz & Macfarlane, 1986). Since its introduction near Malleco, it has spread toward 
the north to Chilian and to the south to Puerto Montt, and within 10 years of its intro¬ 
duction has spread into the temperate southern forests of Argentina (Abrahamovich 
et al., 2001; Morales & Aizen, 2002; Ruz, 2002). 


Effects of Introduced Bombus ruderatus 
on Native and Introduced Plants 

Bombus ruderatus forages exclusively on introduced plants in New Zealand (Goulson & 
Hanley, 2004) and prefers to visit introduced plants in Chile (Rebolledo et al, 2004). In 
temperate forests of northwest Patagonia (Argentina), B. ruderatus equally visited flow¬ 
ers of exotic and native plants in both disturbed and undisturbed habitats (Morales & 
Aizen, 2002). Red clover, Trifolium pratense (Fabaceae), depends heavily on B. ruderatus 
to set seed; for this reason B. ruderatus was introduced into New Zealand and Chile, 
where red clover seed production is of economic importance (Ruz, 2002). 


Bombus impatiens 

This species has a wide distribution east of the Rocky Mountains of the United States. 
Bombus impatiens is also used in Mexico, where it is not native. To date, the total yearly 
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sales of B. impatiens to Canada, the United States, and Mexico combined is 70,000 colo¬ 
nies (Velthuis & van Doom, 2006). The recent accelerated growth of greenhouse crops 
in Mexico has triggered the need for various elements of commercial production. One of 
these elements is the presence of bumble bee colonies for pollination. In 1997, Koppert 
de Mexico, a branch of the original Dutch company Koppert Biological Systems, was 
established in Mexico. Since 2001, Koppert de Mexico imports B. impatiens queens from 
Michigan and finishes colony buildup in Mexico. Koppert opened a bumble bee-rearing 
facility in Queretaro, north of Mexico City, in 2004. Currently this company claims to 
have 83% of the bumble bee domestic market, and it sends B. impatiens colonies from 
Queretaro to Sinaloa, Sonora, Baja California, Jalisco, Michoacan, and Queretaro. 


Possible Effects of Introduced Bombus impatiens 
on Native Bumble Bees 

Bombus impatiens is native to the eastern part of the United States, east of the Rocky 
Mountains. A narrow region in southwestern Texas separates its native range from 
those of its closest relatives, the Mexican B. ephippiatus and B. wilmattae. These three 
species belong to the subgenus Pyrobombus, which is clearly monophyletic (Cameron 
et al., 2007). Bombus ephippiatus and B. wilmattae are considered parts of a single vari¬ 
able species (Williams, 2005). The possibility of interbreeding between B. impatiens 
and B. ephippiatus has been confirmed by experimental crosses at the Bee Lab of the 
University of Guadalajara in Autlan (Cuadriello, personal communication). If imported 
B. impatiens can interbreed with wild populations of B. ephippiatus and B. wilmattae, local 
adaptations in these species could be reduced and their specific distinction lost. Their 
close relationship may also increase the susceptibility of the Mexican species to intro¬ 
duced parasites and diseases. Recently, a queen of B. impatiens was found in the wild 
near Ciudad Guzman. Jalisco. This is a very clear indication that the species has escaped 
and become naturalized in Mexico, posing a possible threat to native bumble bees. 

Because B. ephippiatus is so widespread and biologically similar to B. impatiens, it 
would make a good species for commercial rearing within its native range in Mexico. 
Bombus ephippiatus has been successfully reared in the laboratory and could be devel¬ 
oped for commercial pollination. 

The Mexican Federal Law of Animal Health of 1993 established monitoring, preven¬ 
tion, control, and eradication of diseases for all terrestrial animals in Mexico (Congreso 
de los Estados Unidos Mexicanos, 2004). The National Service for Agro-Food Health, 
Safety, and Quality (SENASICA) regulates the importation of agricultural products 
into Mexico, including requirements for three species of bumble bee: B. impatiens, 
B. occidentalis, and B. ephippiattus. The latter species is included in these regulations 
because in the 1990s the idea was discussed of exporting queens of this species to 
Europe to rear colonies and then reimporting them into Mexico. The restrictions require 
that official health certificates stating that the imported bumble bees are free of infec¬ 
tions from Nosema, Varroa, and fungal diseases accompany each shipment into Mexico 
(SENASICA, 2006). Incoming colonies are then sent to the Animal Health Experimental 
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Service Center for examination for ectoparasites and Nosema infection, with documenta¬ 
tion complying with the requirements of Article 24 of the federal law (SENASICA, 2006). 


Megachilidae 

Several species of this family have been introduced outside their natural range, both 
intentionally and accidentally. The best documented case is the alfalfa leafcutting bee 
(Megachile rotundata), which is a native of Eurasia. It was introduced by accident into 
North America and by intention for alfalfa pollination in South America and Australia, 
with varying degrees of success (see also chapter 7, this volume). American strains of 
this species have been reintroduced into Europe in an attempt to restore native popula¬ 
tions. The Centaurea leafcutting bee ( Megachile apicalis) was also accidentally introduced 
into North America from Eurasia. Several Osmia species have also been introduced from 
Asia into North America for pollination of almond, apples and other fruit trees. 


Megachile rotundata 

Megachile rotundata is endemic to Eurasia, extending from western Europe and North 
Africa through northern Iran and southern Siberia to Mongolia. Apparently, M. rotundata 
was accidentally introduced on the east coast of the United States, where it was first 
found in the 1930s, and its presence in this country was confirmed in 1947 (Stephen, 
2003). It was intentionally introduced into Canada, first in 1962 (Hobbs, 1964), with 
reintroductions in 1964 and 1966 (Stephen, 2003). A first unsuccessful introduction of 
M. rotundata from the United States into Chile was done in 1963, followed by a massive 
introduction from the United States in 1971. These introductions were aimed at improv¬ 
ing seed production of alfalfa (Ruz, 2002). This bee was introduced to Argentina in the 
1970s (Martinez, 2001), to New Zealand in 1971 (Donovan, 1975) from Idahoan and 
Canadian stock, and from there to Australia in the early 1970s. Other introductions 
to southern Australia took place in 1970 (from Canada) and between 1988 and 1996 
from New Zealand (Woodward, 1996). Between 1998 and 2005, variable numbers of 
M. rotundata have been imported to Australia (Anderson, 2006). Little information is 
available on populations of the introduced Megachilidae, but one study suggests that 
these solitary species do not attain high densities in Australia (Woodward, 1996). 

Megachile rotundata is an oligolege that has a strong preference for alfalfa flowers, 
which they visit even when other plants are in bloom nearby, reaching very high pol¬ 
lination rates (80-100% in some cases; Bosch & Kemp, 2005). Commercially managed 
on a large scale, this species nests and completes its reproductive cycle within the alfalfa 
fields it pollinates, provided there are an adequate number of available nesting holes. 
High numbers of foraging M. rotundata females discouraged foraging by the native alkali 
bee, Nomia melanderi (Halictidae), in alfalfa fields in experimental trials in several locali¬ 
ties in the state of Washington (Mayer & Johansen, 2003). Whether or not this affects 
the reproduction of N. melanderi was not answered by the study. 
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Megachile apicalis 

Megachile apicalis is also endemic to Eurasia, extending from Western Europe north 
to Ukraine and east to Uzbekistan. Its introduction to the United States was acciden¬ 
tal (Stephen, 2003). Megachile apicalis is an oligolege on Centaurea spp. (Astereaceae) 
and is sympatric with M. rotundata in California. Megachile apicalis emerges before 
M. rotundata, but at a time when its host plant is not yet in bloom. When Centaurea 
blooms, M. apicalis appears in great numbers and displaces M. rotundata from the nest 
sites. This aggressive displacement is considered a severe problem for farmers who use 
M. rotundata for alfalfa seed production (Stephen, 2003). Invasive mutualism occurs 
when two or more species facilitate each other in establishment and spread into a new 
geographic region ( Richardson et al„ 2000). Bees and weeds can be invasive mutual- 
ists, such as is the case of honey bees and the yellow star-thistle (Barthell et al., 2001). 
Invasive mutualism may also occur between other introduced thistle species (Centaurea 
sp.) and M. apicalis (Barthell et al., 2003). Also, M. apicalis displays an aggressive nesting 
behavior that has the potential to affect other cavity-nesting bees, but this possible inter¬ 
action has not been documented (Barthell et al., 2003). 


Osmia cornifrons 

Osmia cornifrons, the horn-faced bee, is a native to Japan and was first imported for apple 
pollination from Japan into Utah in 1965, but it did not survive there. In 1976, it was 
imported into Maryland, where it thrived in a climate that resembles that of central 
Japan (Batra, 1979). These bees strongly prefer the flowers of Rosaceae, and, unlike 
honey bees, they are not readily distracted by dandelions and other weeds. An individ¬ 
ual horn-faced bee is 80 times more effective than an individual worker honey bee for 
pollination of apples (Maeta, 1990). 

No information is available on possible effects of O. cornifrons on native plants or on 
other pollinators. 


Halictidae 


Nomia melanderi, the alkali bee, is endemic to western North America and is used in the 
United States for alfalfa pollination. It was introduced to New Zealand in 1971 for alfalfa 
seed production (Donovan, 1975, 1979). Alkali bee females collect pollen from compos¬ 
ite or alfalfa flowers when they are abundant near nest sites. In New Zealand, alkali bees 
have not been seen visiting native flowers, although pollen removed from the scopae of a 
female alkali bee at a coastal nest site included 1% of a native Selliera sp. (Goodeniaceae; 
Donovan, 1980). 

The number of nests, and thus the number of female alkali bees, increased from 70 
in 1971 to about 14,000 in 1980. Large populations will develop only in the very few 
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localized suitable nest soils or in the vicinity of alfalfa seed fields where constructed 
nest sites are provided (Donovan, 1980). 


Practical and Legal Aspects of Introducing Exotic Bees 

Most introductions of bees have been carried out without prior assessment of the poten¬ 
tial impacts of these organisms on the environment. Almost all laws and regulations 
affecting the importation of bees focus on preventing diseases and parasites associated 
with plants and honey bees without considering the potentially adverse environmental 
impacts associated with the bees themselves (Flanders et al., 2003). 

The risks to wild populations that have occurred or that could be caused by exotic 
pollinators have led several governments to impose restrictions on the importation of 
wild bees. The Wildlife and Countryside Act (1981) of the United Kingdom, for exam¬ 
ple. prohibits the release of any non-native animal into the environment, including in 
semiconfined situations such as in commercial greenhouses. The same kinds of concern 
made the government of the Canary Islands demand that only B. canariensis be used in 
the greenhouses in their territory. The Japanese government has included B. terrestris 
in its Invasive Alien Species Act (Velthuis & van Doom, 2006), and future importation 
will likely be banned. China and South Africa do not allow B. terrestris to be imported 
(Velthuis & van Doom, 2006). In New South Wales, the alteration of natural pollina¬ 
tion dynamics caused by the presence of B. terrestris has prompted its listing as a key 
threatening process (Department of Environment and Conservation of New South 
Wales, 2004), and in Victoria, Australia, it is listed as a potentially threatening process 
(Victorian Scientific Advisory Committee, 2000). 

In North America, the United States prohibits or restricts the importation of honey 
bees to prevent the introduction of pests and parasites. The importation of non-Apis pol¬ 
linators is regulated under the Plant Protection Act of 2000, with the main focus on 
preventing the introduction of parasites and pathogens. The Canadian Food Inspection 
Agency (CFIA) is responsible for regulating bees under the 1990 Health of Animals Act, 
and importations are regulated under the Honeybee Prohibition Regulations of 2004. 
Similar to the United States, the Canada Plant Protection Act of 1990 covers other pol¬ 
linating species by administration from the Plant Products Directorate, Plant Health 
Division, Export/Import Section. As mentioned before, in Mexico the Federal Law of 
Animal Health of 1993 established monitoring, prevention, control, and eradication 
of diseases for all terrestrial animals in Mexico ( Ley Federal de Sanidad Animal, 2004). 
The importation of agricultural products into Mexico, including three species of bumble 
bees, is regulated by the National Service for Agro-Food Health, Safety, and Quality, 
requiring official certificates of bee health. 

The complex balance among costs, benefits, and stakeholders involved in making 
decisions about whether or not to introduce pollinators is well exemplified by the case of 
Anthophora plumipes (Batra, 2003). This species was brought from Japan between 1989 
and 1995, and the bees were reared and kept at the U.S. Department of Agriculture 
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(USDA) Beltsville Agricultural Research Center (BARC). Complaints about this bee, 
stating possible interference with native bees, were sent to the USDA Animal and Plant 
Health Inspection Service (APHIS). On account of the complaints, APHIS decided to 
order the destruction of the bees. Half of the population was destroyed and the other half 
was kept at BARC. Subsequent studies demonstrated that A. plumipes did not migrate 
farther than 30 m from their native nests (Batra, 2003). However, recent collecting 
reveals that A. plumipes is well established in Maryland and vicinity (Ascher, 2006). 

Criteria for selecting candidate pollinators are available in the literature (e.g., 
Donovan, 1990). These lists are prepared with specific crops in mind, most of which are 
also species exotic to the country that issues the regulations. Thus the recommended 
pollinator is often an exotic species. This circular kind of reasoning has hindered the 
development of native pollinators, especially in countries in which research on this topic 
is incipient or nonexistent. An example that clearly illustrates this point is the use of 
imported bumble bees for pollination in countries in which native species could be used 
for the same purposes. It is technically possible to breed colonies locally, in large num¬ 
bers and at times of the year when they are needed. This type of breeding, however, 
would have a seasonal character, and starting the production anew takes much more 
effort than its continuation. Furthermore, because the dearth period for selling also 
needs to be compensated, locally produced colonies would become more expensive than 
those that come from a year-round regular producer. Apparently, this economic diffi¬ 
culty has prevented the emergence of local production of colonies in several countries, 
with the consequence that the potential risks of importing colonies have to be accepted. 
In this case, the efficient methods of rearing the imported bumble bees are a compound¬ 
ing factor against the development of local pollinators. In any country, the local toma¬ 
toes can most probably be pollinated by those bees that prefer the native Solanaceae; if 
there is concern about the dangers inherent in importation, the government, as well 
as the farmers, should invest in research if they want to compete in the international 
market (e.g., Hogendoorn et ah, 2000; Estay et al„ 2001). From the viewpoint of safety 
and nature protection, however, production of a native pollinating species should be 
encouraged. 


Conclusions 

The introduction of bees for crop pollination (or for other purposes) has the potential to 
affect plants and pollinators, both native and introduced. One effect of exotic introduction 
is the disruption of an economic activity at national and regional levels, as has occurred 
with the honey beekeeping industry in most countries in the Americas after the intro¬ 
duction of African honey bees to Brazil. Exotic bees can also disrupt the reproduction of 
native and introduced plants; they sometimes have negative impacts on native bee sur¬ 
vival, fecundity, population densities, foraging behavior, and reproductive success. 

Providing scientific evidence of these changes is not easy. However, a few recent stud¬ 
ies demonstrate that exotic pollinators affect reproductive output of native species of pol¬ 
linators. Evidence of disruption of plant reproduction is more readily available. Invasive 
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mutualisms between introduced pollinators and introduced weeds also have been dem¬ 
onstrated (see chapter 10, this volume). 

In my opinion, the use of exotic pollinators should be considered as a last resort, and 
preference should be given to the development of native pollinators over importation of 
pollinators developed elsewhere. However, in some cases a compromise has to be reached 
between the need for pollinators for crops and the commercial feasibility of developing 
native species as pollinators. 

The impacts of introducing bees are sometimes unanticipated, as with the introduc¬ 
tion of other beneficial species such as biocontrol agents (reviewed in Richardson et al„ 
2000). In some cases, the target hosts cannot support the population of the introduced 
agent in the long term, and nontarget species may suffer attack during a transient 
period of spillover parasitism shortly after the introduction of the agent. Even though 
this period may not be long, it can cause extinctions (Lynch et al., 2002). A similar situ¬ 
ation could occur with the introduction of pollinating species. Bohart (1962) pointed out 
three dangers inherent in the introduction of foreign pollinators to the United States: 
(1) the introduction of unwanted arthropods or other organisms, (2) possible damage to 
plants, and (3) the competitive displacement of local species. 

A case that illustrates the process of accepting or rejecting the importation of exotic 
bees is currently unfolding in Australia regarding the importation of B. terrestris for 
greenhouse tomato pollination. Tomato growers, represented by the Australian 
Hydroponic and Greenhouse Association (AHG A), advocate the use of this insect as the 
only realistic alternative for economically efficient pollination of tomatoes. Meanwhile, 
scientists and interested citizens, led by the Australian Native Bee Research Centre, 
oppose this importation, arguing potential threats to agriculture, native bees, birds, 
plants, and urban gardens. At the same time, a group of researchers offered a native bee 
as an alternative to bumble bees (Hogendoorn et al., 2006). 

Whatever the outcome of this case, the process of presenting evidence from both sides 
is actively under way, and the regulatory agency responsible for the decision will have 
solid information on which to base its decisions. Most importations done in the past and 
in other parts of the world were done without considering any background information, 
and the effects of such importations are now irreversible. 

Extirpation of undesirable organisms is impossible or impractical in most cases, but 
the lessons from the past need to be taken into account when planning modifications to 
the environment, as in the case of proposing the introduction of alien species. The effect 
of introduced pollinators on native ecosystems could appear on a scale that seems unim¬ 
portant or could go unnoticed for long periods of time. Accepting to further modify the 
environment knowingly is not only irresponsible but is also unethical. 
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10 Invasive Exotic Plant-Bee 
Interactions 

Karen Goodell 


Introduction 

Invasions of exotic plants threaten natural ecosystems, exhibiting diverse ecological 
impacts that are hard to predict (Schmitz et al., 1997; Gordon, 1998; Parker et al„ 1999; 
Ehrenfeld, 2003). They also are economically costly to control and incur millions of 
dollars in agricultural losses annually (Pimentel et al., 2005). Not surprisingly, most 
research has focused on the demography and regulation of invasive plant populations 
(Parker, 2000; Koop & Horvitz, 2005; Hyatt & Araki, 2006). Interactions between inva¬ 
sive plants and their pollinating mutualists can influence the dynamics of both invasive 
plants and their pollinators (figure 10.1). These interactions are likely important factors 
in the outcome of plant invasions because more than 90% of angiosperms are animal 
pollinated (Daily et al, 1997). 

Pollinating insects, such as bees, can promote seed production in some invasive 
plants, which could in turn promote the spread of the invader. Conversely, lack of suit¬ 
able pollinators could limit the establishment and spread of some non-native plants. 
Invasions of non-native plants also may affect bee populations and communities directly 
by contributing floral resources to a community or indirectly by reducing the abun¬ 
dance or diversity of the floral resources available. If pollinators thrive on non-native 
plants and facilitate seed production, this positive feedback could promote population 
growth and spread of the invading species. Finally, effects of non-native plants on bee 
abundance or behavior may indirectly affect the reproduction of native plants that share 
pollinators with the non-native species through competition or facilitation of flower visi¬ 
tors. Improper pollen transfer by pollinators switching between native and non-native 
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flowers also could reduce the reproductive success of native plants in the presence of the 
non-native. Invasions of non-native plants could trigger negative feedback on the repro¬ 
duction of native plants if reductions in native plant densities or diversity also cause 
declines in the pollinator populations that service native plants (figure 10.1). 

Clearly, the particular ecologies of the plant and pollinator species involved influ¬ 
ence the outcome of their interactions with invasive plants. Variation in ecological fac¬ 
tors, such as mating systems and flowering time of the plants or the diet breadth and 
reproductive phenology of the pollinators, contribute to a variety of possible responses 
of native plants and pollinators to plant invasions. Whether the interactions between 
pollinators and invasive plants are considered positive or negative overall is a value 
judgment that will depend on the conservation and economic importance of the species 
involved. Understanding the interactions between pollinators and invasive plants from 
the pollinator perspective is timely because of concern regarding the status of native 
pollinator populations (Kearns et ah, 1998; Biesmeijer et ah, 2006; National Research 
Council 2006). Plant invasions can be viewed in the context of other research on the 
factors influencing pollinators (e.g., Steffan-Dewenter & Tscharntke, 1999; Goulson 
et ah, 2002; Kremen et ah, 2002, 2004; Thomson, 2004; Cane et ah, 2006;McFrederick& 
LeBuhn, 2006). 

Here I look for generalizations that could help predict the outcome of interactions 
between invasive plants and bees and highlight directions for further research. I start 
with the role of pollinators in promoting invasions, focusing on data published since 
this topic was last reviewed (Richardson et ah, 2000). I also contribute a new data set on 
the reproduction of a selection of non-native plants in the United States. I then examine 
plant invasions from a pollinator perspective. This perspective extends beyond previous 
analyses of invasive plant-pollinator interactions to consider potential impacts of plant 



Figure 10.1 Conceptual model showing interactions between invasive 
plants, native plants, and shared pollinators. Solid lines indicate negative 
interactions and dashed lines, positive interactions. 
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invasions on pollinator populations and communities. Finally, I examine indirect effects 
of invasive plants on native plants to help guide conservation managers, as well as direct 
future research. 


Pollination of Invasive Plants by Pollinators 

Many potentially invasive non-native plants are likely to benefit from pollinators 
because an estimated 80-90% of flowering plants are facultatively or obligately animal 
pollinated (Brown, 1990; Daily et al„ 1997). To what extent does inadequate pollination 
by resident pollinators constrain the invasions of nonindigenous plants? Conversely, to 
what extent do pollinators facilitate plant invasions by promoting seed set? The answers 
to these questions depend on the reproductive biology of the invasive or potentially inva¬ 
sive exotic plants, as well as on their demography. Where strong density dependence 
exists and population growth is not limited by seed set, increasing seed production will 
not influence the spread of the invader. 

Baker’s Law predicts that successful colonizing plants should reproduce vegetatively 
or apomictically (asexually produced seed) or via self-fertilization, especially if fertiliza¬ 
tion can be achieved without the aid of biotic pollinators, because these traits provide 
reproductive assurance to individuals in small founding populations (Baker, 1955, 
1965). The local spread of such species would then depend little on pollinators, ff animal- 
mediated pollination is required to set seed by otherwise vegetatively reproducing spe¬ 
cies, then pollinators might facilitate spread to new patches. Therefore, we expect to see 
higher proportions of these traits among invasive plants than among plants at large. 
Many invasive species can produce seed apomictically or autogamously (within-flower 
self-fertilization) or spread vegetatively, but quantitative data regarding the expression 
of various reproductive modes of invasive plants are rare, and researchers disagree 
regarding the importance of animal-mediated pollination (Richardson et al., 2000). 
One characterization of weedy plants in the United States found that a majority rely 
on sexual reproduction, with no differences in the frequency of vegetative reproduction 
between native and exotic weeds (Sutherland, 2004). Invasive plants that require pol¬ 
linators to set seed are underrepresented in large data sets, which suggests that this trait 
is disadvantageous in the invasion process (Daehler, 1998). fn an explicit test of Baker’s 
Law, Rambuda and Johnson (2004) found high levels of autogamy among exotic weeds 
in South Africa, with all species showing at least some ability to set seed in the absence 
of pollinators. None of the species studied exhibited self-incompatibility. Van Kluenen 
and Johnson’s (2007) results also support Baker’s Law but suggest that lack of compat¬ 
ible mates, rather than pollinators, limit the distribution of invasive plants in the United 
States. Invasive plants capable of autonomous pollination had larger ranges than those 
requiring pollinators, but among species requiring pollinators to reproduce, self-incom¬ 
patible speciesoccurredinfewerstates than selfself-compatible species. Furthermore, self¬ 
compatible species capable of autonomous pollination had attained similar ranges to 
those without this ability, suggesting adequate pollinator service. Their data set included 
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non-native species to the United States of European origin only, and distribution was 
quantified coarsely as presence/absence at the level of states. It does not necessarily 
reflect patterns of establishment or other measures of invasion success. 

To further explore the likely importance of pollinators in determining the outcome 
of plant invasions into natural areas in the United States, I compiled data on the repro¬ 
ductive modes, mating systems, and pollinator interactions of a subset of current exotic 
weed species. I randomly sampled 60 species from a list of 1,037 invasive weeds in natu¬ 
ral areas generated by the U.S. National Park Service (Swearington, 2006). For each of 
these 60 species, I searched the current literature using the ISI Science Citation Index 
Expanded (1980-2007), and two web-based search engines, www.scholar.google.com 
and www.google.com, for information on the reproduction or pollination of the species. 
In some cases, I inferred pollinator interactions from personal observations or closely 
related species. I found published, reliable unpublished, or inferred data on mode of polli¬ 
nation on more than 93% of the plants on my list. The majority of plants exhibited insect 
pollination; wind pollination was less than half as common (13.3% of wind-pollinated 
plants were grasses; figure 10.2). Less information was available for the mating sys¬ 
tems of invasive angiosperms. Data on mating systems of insect-pollinated species were 
unavailable for nearly 70%. Self-incompatibility among invasive weeds was slightly 
less common than self-compatibility (figure 10.3). One species demonstrated autog¬ 
amy (the ability to self-fertilize in the absence of pollinators), but reliable information 


U) 



Pollen vector 


Figure 10.2 The number of invasive plant species that are polli¬ 
nated by different vectors. The “other” category includes birds and 
water. Data are a random sample (;n - 60) taken from WeedsUS, a 
database of weeds of natural areas in the United States. See text for 
methods used to generate these data. 
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Autogamous 

Self-compatible 

Self-incompatible 

Unknown 




3 . 03 % 


12 . 1 % 


15 . 2 % 


Figure 10.3 Percentage of insect-pollinated invasive 
plants (n = 37; see figure 10.2) that exhibit three different 
mating strategies. Autogamous plants are self-compatible 
and can self-fertilize in the absence of pollinators. See text 
for explanation of database. 


was unavailable on how many species had been tested. The number of self-compatible 
species that require animal pollinators to set seed, then, is unknown. I found no infor¬ 
mation on apomixis among the 37 insect-pollinated species. 

If the plants for which I obtained data indeed represent the pool of non-native inva¬ 
sive plants, it appears that the majority of non-native plant species in natural areas of 
the United States derive some reproductive benefit from their interactions with pollina¬ 
tors. Bees were the most commonly cited visitor species; 96% of the insect-pollinated 
species were reported attractive to bees. Pollinator visitation is especially important in 
the case of plants that cannot set seed without pollinators. Nearly half of the insect- 
pollinated species for which I found data exhibit self-incompatibility, and so are likely 
to require pollinators to set seed. Furthermore, only 3% of the self-compatible species 
demonstrated the ability to set seed without the assistance of pollinators, suggesting 
that many self-compatible weed species benefit from pollinator visitation. To quantify 
the role that pollinators play in the reproduction of invasive plants in the United States 
would require knowledge of the reproductive systems of most invasive plants. An under¬ 
standing of the basic reproductive biology of invasive plants may also provide an insight¬ 
ful key to their control (e.g., Elam et al., 2007). Collection of reproductive and mating 
system data should be a top priority among plant ecologists. 


Most Invaders Are Preadapted to Resident Pollinators 

Non-native plants that are obiigateiy outcrossing must be pollinated by resident pol¬ 
linator species in the new region if they are to succeed. Most plants can be pollinated 
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effectively by a variety of pollinators (Waser et al., 1996). Those non-native invasive 
plants requiring pollination are visited by resident generalist pollinators in the invaded 
range (Richardson et al., 2000; Memmott & Waser, 2002; Olesen et al., 2002; Goulson, 
2003; Goulson & Hanley, 2004; Morales & Aizen, 2006). Examples of invaders with 
highly specific pollinator requirements are rare (but see Nadel et al., 1991; Richardson 
et al., 2000; and references therein). 

Nevertheless, sometimes the presence of non-native pollinator species appears 
important to the success of invasions. The honey bee, Apis mellifera, has been impli¬ 
cated in assisting the invasion of non-native plant species in areas in which honey 
bees are also non-native. Honey bees’ high abundances and broad diets combined with 
their broad geographic distribution in areas outside their native range likely contrib¬ 
ute to the frequency of their interactions with exotic plant species. For example, the 
Australian invasive plant Lantana camara relies on honey bees for pollination because 
its corolla tube is too long for the primarily short-tongued native species (Goulson & 
Derwent, 2004). Documented positive relationships between honey bee abundance and 
fruit set of the invader suggest that honey bees may facilitate the population growth of 
the invader (Goulson & Derwent, 2004). Barthell et al. (2001) posited that honey bees 
have facilitated the invasion of non-native yellow star thistle, Centaurea solstitialis, in 
the state of California. Not only were honey bees the most frequent visitors to flowers, 
but their exclusion from flowers also significantly reduced seed production. Whether 
honey bees were responsible for the invasion of yellow star thistle depends on whether 
native visitors might pollinate this species adequately in regions in which honey bees 
are not the numerically dominant pollinator. Interestingly, the non-native bee species 
Megachile apicalis that specializes on yellow star thistle did not appear to contribute sub¬ 
stantially to its seed set, despite its occurrence at some of the study sites (Barthell et al., 
2001). Because most invasive plants receive pollinator services from multiple species, 
their interactions with any one bee species are likely to be weak (Traveset & Richardson, 
2006). It is unlikely, then, that non-native bees promote plant invasions in general. 

One important exception may be cases in which humans introduce non-native 
pollinators into an area with a depauperate pollinator fauna. In these situations, the 
introduced pollinator may represent a new functional group and could pave the way for 
plant invasions that would otherwise be limited by pollinator availability. The pollina¬ 
tion of Lantana by introduced honey bees in Australia, discussed earlier, is one example. 
Another example is the introduction of bumble bees (Bombus terrestris ) in Australia, 
New Zealand, and Tasmania, areas that have few native long-tongued bee species 
(Hanley & Goulson, 2003). In these regions, bumble bees appear to promote the invasion 
of weed species from Europe and North America that are adapted to long-tongued bee 
pollinators. In Tasmania, where bumble bees are just becoming established, seed pro¬ 
duction in incipient invasions of non-native Lupinus arboreus was positively correlated 
with bumble bee visitation rates (Stout et al., 2002). In New Zealand, where non-native 
Bombus terrestris has become widespread, L. arboreus is already a problematic invader 
(Stout et al., 2002). Cytisus scoparius, a native of Europe, requires pollinators strong 
enough to trip its flowers and is pollinated primarily by bumble bees in its native range 
(Simpson et al., 2005). Because C. scoparius spreads only by seed, increased densities of 
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non-native bumble bees could augment its reproductive success and promote its spread 
in Australia, where it has been introduced. Bumble bee pollination may especially pro¬ 
mote spread of C. scoparius in cooler areas where researchers have hypothesized that the 
greater forces needed to open flowers limit the effectiveness of honey bees as pollinators 
(Parker & Haubensak, 2002). Interestingly, all of these examples of invasive plants are 
of the Fabaceae: Papilionoideae. The observed pattern of synergism between introduced 
bumble bees and the papilionoid legumes in areas such as Australia and New Zealand 
provides predictive power that could be used to develop policy for new introductions 
and strategies for management. For example, introduction of non-native bumble bees or 
honey bees could promote spread of the exotic plant gorse, Ulex europeaus, in areas such 
as the Channel Islands of New Zealand, where honey bees and bumble bees have not yet 
established (MacFarlane et al., 1992). 


Pollen Limitation in Invasive Species 

Does bee visitation limit seed set of invasive plant species? Pollen-limited seed set has 
been reported for the North American invaders C. scoparius and Genista monspessulana 
(Parker, 1997; Parker & Haubensak, 2002). Pollen limitation in C. scoparius also varied 
with other factors such as resources and florivory (Parker & Haubensak, 2002). The 
invasive vine kudzu, Puraria montana, also exhibited variation among populations 
in pollen limitation of seed set (Forseth & Innis, 2004). Lonicera japonica, an invader 
in North America that exhibits adaptations for hawkmoth pollination, has severely 
pollen-limited seed set (Larson et al., 2002). In L. japonica, low visitation by nocturnal 
hawkmoths and diurnal bees, as well as their inefficiency, contributed to low seed set 
(Larson et al., 2002). In contrast, Rambuda and Johnson (2004) found no evidence for 
pollen limitation of seed set in 17 South African invasive weeds, but most were capable 
of autogamy, and all were self-compatible and, therefore, are not likely to exhibit pollen 
limitation of seed set even when pollinator visitation to flowers is infrequent. 

Pollen limitation of seed production only can limit the spread of invasive plants if seed 
production is linked to the demography of the plant. For few invaders do we know the 
extent to which seed set limits population growth. Parker (1997) found that C. scoparius 
population growth was not predicted by fecundity. Given the number of factors that 
could decouple seed set from population growth, it seems likely that further research 
will show variation among localities in the importance of seed set to population growth. 
Parker and Haubensak (2002) point out, however, that spread of nonclonally repro¬ 
ducing invasive plants will always be seed and dispersal limited at the margins of the 
invasions and at the start of new local invasions; and, therefore, lack of pollinators may 
control aspects of many invasions. 

Poor seed set due to pollen limitation may have the greatest impact on the population 
growth of small founding populations (Taylor & Hastings, 2005) that cannot attract 
adequate pollinators. No studies have examined this problem for an incipient inva¬ 
sion but have instead focused on already successful invaders in relatively large popula¬ 
tions. Our understanding of the role that pollinators play in limiting invasions, then, 
would benefit from knowledge of the mating systems and pollinator associations of all 



Invasive Exotic Plant-Bee Interactions 173 


introduced species, including those that become successful, as well as those that fail to 
establish. Failed introductions of exotic species are common, being estimated as high as 
90% (Williamson & Fitter, 1996). For plants, however, data on rates of failed introduc¬ 
tions are rare, and we have almost no information about the mechanisms behind those 
failures. In the absence of such data, pollinator attributes for invasive non-native plants 
could be compared with those of non-invasive, non-native plants. Furthermore, experi¬ 
mental studies of the colonization process by non-native plants that measure the role of 
pollen limitation of seed set in the population growth rates will help assess the contribu¬ 
tion of bees early in the invasion process. 


Invasive Plant Effects on Bees 

The contribution of pollinating mutualists is increasingly recognized as an important 
factor in the invasion process for some non-native plants, yet the direct impacts of inva¬ 
sive plants on populations and communities of pollinators (figure 10.1) remain largely 
unstudied. From a pollinator perspective, many invasive plants may increase the car¬ 
rying capacity of the habitat by providing an unprecedented resource boon. My survey 
of the WeedsUS database (see preceding discussion) indicated that 96% of the insect- 
pollinated invasive species and another 12% of the wind-pollinated species offer pollen, 
nectar, or both resources to bees. Because of the close link expected between the density 
of bees and the availability of floral resources (e.g., Potts et al, 2003), non-native inva¬ 
sive plants could potentially change the density and composition of pollinators. 

For example, Schurkens and Chittka (2001) report that the abundant flowers of the 
invasive crucifer Bunias orientalis could be important in supporting pollinator popu¬ 
lations, despite paltry nectar offerings on a per flower basis. Rich nectar rewards per 
flower, on the other hand, explain why non-native Impatiens glandulifera lures bees 
away from native flowers; it had a higher rate of nectar secretion than any native plant 
on record in the invaded region (Chittka & Schurkens, 2001). Both of these invasive 
plant species potentially exert a large effect on pollinator populations via augmenting 
resources, but without knowing how the abundance and distribution of floral resources 
have changed following the invasion, it is difficult to predict how pollinator communi¬ 
ties will respond. 

Not only may the quantity of nectar and pollen differ postinvasion, but the quality (e.g., 
nectar sugar concentration or pollen protein content) may differ, as well. Furthermore, 
flowering phenology and flower morphology of the invader relative to the native plants 
will influence resource availability to pollinators (figure 10.1). Shifts in resource avail¬ 
ability and composition occur as a result of the presence of the new plant species and the 
absence of native species that have been displaced by the invader. Such changes in the 
quality and availability of floral resources following invasions could cause changes in 
pollinator community composition. An example of a plant that shifts both the abundance 
and the temporal distribution of floral resources is the North American invader Ly thrum 
salicaria. which has invaded calcareous fens in New Jersey. It flowers prolifically in July 
and August, offering more floral resources than fen communities that have not been 



174 Environmental Risks Associated With Bees 


invaded. Invaded fens had fewer floral resources in early spring than uninvaded fens, 
however, because L. salicaria displaces native plants that bloom in the spring (Goodell, 
unpublished data). Bee samples that were passively collected in the early spring revealed 
that invaded sites had comparable bee abundances but 50% lower richness than unin¬ 
vaded sites (Goodell, 2003). During the L. salicaria bloom, pollinator densities on flowers 
did not vary with invasion status, but composition did. Large-bodied bees ( Apis mellifera 
and Bombus spp.) were more abundant in invaded sites, whereas small-bodied native 
bees (>50 different species) were more abundant in uninvaded sites (Goodell, 2003). In 
this system, changes in floral communities had a larger effect on the composition of 
pollinator communities than on pollinator abundance. 

Non-native plants have been hypothesized to promote the invasion of non-native 
bees. The “invasional meltdown” hypothesis predicts that positive interactions between 
two or more invasive species, such as a plant and a pollinator, could accelerate the 
replacement of the native species with exotic species (Simberloff & Von Holle, 1999). 
Several researchers have asked whether densities of non-native plants were positively 
associated with densities of non-native bees, but their data are too scarce to generalize 
on the likelihood of plant-pollinator-driven “meltdowns” of bee communities. The posi¬ 
tive correlations between the abundance of introduced crops, such as Trifolium pratense 
and Lotus corniculatus, and two introduced bumble bee species reported in New Zealand 
appear to support the idea that exotic plants can bolster exotic bee populations (Hanley 
& Goulson, 2003). On the other hand, Morales and Aizen (2002) found no consistent 
relationship between non-native honey bee or bumble bee density and non-native flower 
density in South American temperate dry forests. These studies fall short of demonstrat¬ 
ing plant-bee-driven invasional meltdowns. Studies demonstrating that positive inter¬ 
actions between non-native plants and non-native bees negatively affect the population 
dynamics of native species are still needed (Simberloff, 2006). 

Research into the spread of specialist pollinator species with their introduced host 
plants might offer a clearer picture of how positive interactions between non-native pol¬ 
linators and invasive plants influence non-native bee distributions. For example, exotic 
wasps that are specialist pollinators of Ficus spp. have established and spread into parts 
of the United States following the establishment of their host plant. This establishment 
documents a positive feedback between plant-pollinator invaders (Nadel et al. 1991; 
Corlett, 2006). The spread of the squash bees in the genus Peponapis and Xenoglossa 
through the Americas as human civilizations extended the range of their cultivated 
host plants ( Cucurbita spp.) is another example (Hurd et al., 1974). The invasion of yellow 
star thistle into the western United States has allowed proliferation and spread of the 
Centaurea leaf-cutting bee, Megachile apicalis, an apparent oligolege on Centaurea spp. 
(Barthell et al., 2003; Stephen, 2003). In addition. Cane (2003) provides a list of non¬ 
native bees in North America that includes at least 10 species that exhibit some level of 
host specialization or preference for non-native plants. These species would be a logical 
point of departure for investigations on the effects of non-native host plant spread and 
abundance on the spread of non-native bees. 

Changes in floral resource abundance and availability are not the only mechanisms 
for impact of invasive species on native bees. Invasions could also alter the availability 
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of nesting habitat. The availability and distribution of bare ground, certain types of 
ground cover, hollow stems of shrubs, and dead logs may all change as a consequence of 
floral turnover associated with the invasion of non-native plant species. Nesting habitat 
is especially important in bees because they are central-place foragers and require both 
food and nest sites within their foraging range. Finally, bee pollinators could be affected 
by physical or structural changes to a habitat, such as those that affect light availabil¬ 
ity or temperature conditions, which in turn could influence bee flight and foraging 
(Herrera, 1995, 1997; Hansen & Totland 2006). 

In summary, the hypothesis that invasive plants boost, diminish, or alter the compo¬ 
sition of pollinator communities has limited evidence and is inadequately addressed by 
research. Given the value of bees and other pollinators in sustaining native plants, the 
effect of plant invasions on bee populations and communities is worth investigating fur¬ 
ther. The impacts of invasive plants on bees could be considered a special case of a more 
general issue: the effects of changing plant communities on bees. Other human-driven 
alterations to plant communities and floral resources could also affect bee communi¬ 
ties, such as urbanization (Goulson et al., 2002; Cane et al., 2006), agricultural activity 
(Kremen et al.. 2002; Westphal et al.. 2003), and fire (Potts et al., 2003). What are the 
consequences of these changes in bee communities? We know that spatial and temporal 
variation in flower-visitor composition abounds in natural populations of plants (e.g., 
Herrera, 1988; Moeller, 2005). An important question is whether the effects of inva¬ 
sive plants on pollinator communities are important to the reproduction of native plants 
despite all of the underlying variation in pollinator services expected. 


Pollinator-Mediated Effects of Invasive Plants 
on Native Plant Reproduction 

The negative effects of invasive plants on native plants through competition for resources 
such as water or nitrogen affect those native plants growing in a localized area around 
the invasion. When the resource in question is the services of shared pollinators, the 
invader’s sphere of influence can extend to more distant plants and even to plants in other 
habitats. In theory, pollinator-mediated interactions with non-native invasive plants 
could disrupt or enhance the pollination of native plant species (Traveset & Richardson, 
2006). Because most plants and most pollinators, including most bee species, are gener¬ 
alists (Waser et al., 1996), most invasive plants will interact with many resident pollina¬ 
tor species. Consequenly, native plants should frequently share pollinators with invasive 
plants, creating novel, indirect interactions between native and invasive plants. In fact, 
this pattern has been observed in nature (Memmott & Waser, 2002; Olesen et al., 2002; 
Morales & Aizen, 2006). These novel pollinator-mediated indirect interactions between 
native and invasive plants could reduce pollinator service to native plants under some 
conditions, but the opposite is also possible (Ashman et al., 2004; Knight et al., 2005). 

Competition for pollinators between invaders and native plant species is expected 
when the invader offers equivalent or richer floral rewards and likely reflects a change 
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in pollinator behavior. Facilitation of pollination by invasive plants is expected when the 
invader offers rewards complementary to those of native species that help sustain polli¬ 
nators during periods of resource scarcity. The strength of pollinator-mediated effects of 
invaders on native plant reproduction should increase with overlap in pollinator species. 
Most studies that have examined pollinator-mediated interactions between invasive and 
native plants have done so for one or a few native plant species. Generalizations about 
how often pollinator-mediated impacts affect native plants and what sorts of native 
plants are most vulnerable would be helpful to assess the magnitude of the problem rela¬ 
tive to other impacts of invasive plants. 

Nine studies (one unpublished) assess pollinator-mediated impacts of eight differ¬ 
ent invasive plant species on reproduction of 19 native plant species. Visitation rates by 
bees differed significantly for native plants in the presence and absence of the invasive 
plant in 9 of 14 cases. Seven native plants received fewer bee visits in the presence of 
the invasive plant than in its absence, indicating competition for pollinators (Chittka & 
Schurkens, 2001; Aigner, 2004; Ghazoul, 2004; Moragues & Traveset, 2005; Larson 
et al., 2006). Only two native plant species received more visits in the presence of the 
invader plant, indicative of facilitation, and in both cases this effect was inconsistent 
among years (Moragues & Traveset, 2005). The presence of invasive plants had no effect 
on the visitation rates to native plants of five species (Grabas & Laverty, 1999; Brown 
et al., 2002; Moragues & Traveset, 2005; Goodell, unpublished data). 

Although competition for bee visitation was the most common type of interaction 
observed, it did not always reduce plant reproduction (Ghazoul, 2002, 2004). The qual¬ 
ity of pollen deposited by flower visitors, as measured by the number of conspecific pol¬ 
len grains transferred to stigmas, forms the functional link between visitation rate 
and seed set. If native plants receive sufficient pollen to fertilize ovules in the presence 
of the invader, reproduction may not be affected, even if pollen of the invader is also 
transferred (Brown et al., 2002; Ghazoul, 2004; Moragues & Traveset, 2005; also 
see chapter 11, this volume). Only 2 native species of 11 tested were reported to have 
reduced pollen quality (proportion of conspecific pollen deposited) in the presence of 
the invader. One study showed negative effects of invader pollen on native plant repro¬ 
duction (Brown & Mitchell, 2001), and the other did not (Moragues & Traveset, 2005). 

Despite the frequency of competition for pollinators with highly rewarding invaders, 
relatively little data indicate that competition for visitors reduces seed set in natives. In 
addition, competitive effects have not been found consistently across years (Moragues & 
Traveset, 2005; Larson et al. 2006). The conclusion that pollinator-mediated effects on 
native plants are not an important aspect of plant invasions, however, is premature. 
Relatively few pairs of invasive and native plants have been investigated, and some of 
these studies did not examine seed set. Even if competition is rare, careful attention 
to possible negative effects on native plants of conservation importance is warranted. 
To that end, developing some rules of thumb to identify those native plants most likely 
to suffer negative effects would be useful for conservation managers and future investi¬ 
gators. Here I examine evidence for the predictions that: (1) the likelihood of strong pol¬ 
linator-mediated interactions should increase as overlap in pollinator species increases 
and (2) invasive plant-native plant species pairs with similar floral morphology should 
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compete for pollinators more intensely than those with distinct morphologies because 
they are expected to have similar suites of pollinator species. 

Using the preceding studies as examples, the average overlap in pollinators among 
invaders and natives in cases with significant pollinator-mediated interactions was 
69.3% (SD = 23.7%, n = 4), significantly greater than the 35.1% (SD = 23.6%, n = 5) 
for those lacking significant pollinator-mediated interactions (two-sample t-test with 
arcsine square-root transformed data, t = — 2.03, p one-tailed = 0.04). The limitations 
of these data are that the studies did not all assess overlap to the same taxonomic level, 
with some identifying pollinators to species and others grouping them by genus, higher 
taxonomic levels, or even taxonomically independent categories. Nevertheless, these 
studies tentatively support the general hypothesis that greater overlap increases likeli¬ 
hood of finding significant pollinator-mediated effects. 

Relatively few studies have measured pollinator-mediated interactions between non- 
indigenous plants and native plants of similar versus dissimilar morphology. Grabas and 
Laverty (1999) found no consistent evidence of competition or facilitation for pollinators 
between invasive L. salicaria and native flowers with relatively generalized versus special¬ 
ized pollinator interactions. Lythrum salicaria, however, attracts a very wide variety of 
insect taxa. Theoretically, invasive species with more specialized floral morphology and 
pollinator associations may compete more intensely with native plants possessing similar 
floral morphology. Available empirical evidence does not support this hypothesis, however. 
I scored pairs of native and non-native plants as similar or different based on whether they 
exhibited zygomorphic or actinomorphic flowers. Data on visitation and seed set show 
that 4 of 16 native species had similar floral morphology to the invader, yet none of these 
exhibited competition for visits or reduced seed set (Moragues & Traveset, 2005; Larson 
et al„ 2006). Similar patterns are found for seed set data (Moragues & Traveset, 2005; 
Larson et al„ 2006). I also found no evidence that morphological similarity influenced the 
likelihood of facilitative interactions. Similarity in floral morphology, then, does not appear 
to strongly influence the probability that invasive plants will compete for or facilitate pol¬ 
lination of natives, at least at the coarse level at which floral similarity was considered 
here. Possibly, extremely similar floral structure increases the chances of competition. One 
study that examined competition between congeners found substantial competition that 
reduced visitation and seed set in the native species (Brown & Mitchell, 2001). 

The rule of thumb that emerges from these results is that pollinator-mediated impacts 
of an invasive plant on native plants should focus on native-invasive pairs with a broad 
pollinator overlap (>65%). Second, similarity of floral morphology between potentially 
competing plants does not appear important to competition. Further research will likely 
reveal other rules of thumb. 


Conclusions 

Although many invasive plants are visited by bees and may even require bees to pol¬ 
linate them, the degree to which bees directly facilitate plant invasions is not well 
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documented. The stage at which bees seem most likely to exert influence is the incipi¬ 
ent invasion stage for plants that require pollinators to set seed and do not reproduce 
vegetatively. More studies of reproduction and pollination during these early stages 
would advance our understanding of bee impacts on the invasion process. 

Mature invasions represented by a numerically dominant invader that offers attrac¬ 
tive, rewarding flowers seem likely to influence bee populations, but the nature of the 
interaction will depend on how the invader compares with the preinvasion floral com¬ 
munity. Simple comparisons of floral reward structure before and after invasion or in 
the presence and absence of the invader would help to develop predictions about their 
effects on bee communities. My studies of L. salicaria invasions document broad changes 
in the bee community composition associated with invasion. These changes appear to 
result from different bee species responding to different parts of the floral community. 
Given the ecological diversity of bees, this result is not surprising. No studies have exam¬ 
ined how alterations in nesting habitat or other habitat features following invasions may 
influence bee communities. Further research is needed in these areas. 

Pollinator-mediated indirect effects of invasive plants manifested as competition or 
facilitation for pollinators have been hypothesized repeatedly, but little empirical evi¬ 
dence documents their importance to native plants. Rather than more studies on a single 
invader-native pair, researchers should focus on testing general predictions regarding 
the type of native plants likely to suffer competition, the spatial scale over which these 
interactions take place, or contexts in which an invasion is likely to significantly alter 
bee behavior in ways that could affect native plant reproduction. My synthesis of the 
current studies indicates that pollinator overlap, but not floral morphology, influence 
the strength of these indirect interactions. 

Gaining a better understanding of the effects of invasive plants on pollinator com¬ 
munities and their potential indirect effects on native plants not only helps us assess the 
conservation implications of invasion but also is important when considering removals 
of invasive plants. Control measures that rapidly eliminate an important food source for 
bees could have unintended negative repercussions for bee populations and the native 
plants they serve. Restoration work that considers establishment of alternative floral 
resources in the short and long term may avoid pitfalls that could destroy an important 
part of the plant-bee food web. Dealing with the invasive plant crisis could benefit from 
abandoning the view of invasive plants as noxious pests that have only negative effects 
and adopting an ecological view that considers both the positive and negative interac¬ 
tions with invasive plants and how they influence the target community. 
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11 Estimating the Potential for 
Bee-Mediated Gene Flow in 
Genetically Modified Crops 

James E. Cresswell 


Introduction 

Genetically modified (GM) crops were first released in 1986 (Barber, 1999) and have 
been in commercial production for 10 years, with a current global area of approved 
cultivation in excess of 81 million ha across 17 countries (James, 2004), although 
about 99% of this area lies in four countries, namely the United States, Argentina, 
Canada, and China. Most of the currently commercialized GM crops are based on intro¬ 
duced genes that confer traits associated with plant welfare (Barber, 1999), such as 
insect resistance or herbicide tolerance, and none of these pose a proven safety risk to 
humans through cross-pollination with conventional agriculture. Nevertheless, there 
has been considerable scientific response (Colwell et al„ 1985; Lutman, 1999; Poppy & 
Wilkinson, 2005) to the public concern about the environmental effects of GM crops 
and the possible incorporation of GM genes into the human food chain. The concern 
has arisen particularly in Europe, where the commercial cultivation of GM crops cur¬ 
rently is proscribed (Weekes et al., 2005). The prospects for the eventual deployment 
of GM crops within European agriculture are constrained by the European Union's 
regulatory thresholds, which restrict the levels of GM adventitious presence in yields 
from conventional and organic crops. Consequently, the future coexistence of conven¬ 
tional and GM crops may compromise a farmer's ability to certify produce for sale in the 
potentially lucrative GM-free market in Europe (Belcher et al., 2005). Of the major GM 
crops, three (soybean, cotton, and canola) are capable of being cross-pollinated by bees 
(Crane & Walker. 1984), at least to some extent. When GM and conventional varieties 
of these crops coexist in the agricultural landscape, field-to-field cross-pollination by 
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bees is a route by which GM genes could potentially be introduced into conventional 
crops. 

Additional concern arises from a new generation of GM crops emerging from the plant 
biotechnology industry: plant molecular farming (Ma et al„ 2005). Plant molecular 
farming is the cultivation of plants for the production of biomolecules useful to industry, 
medicine, or science. Examples of such biomolecules include vaccines, pharmaceuticals, 
or bioplastics (Horn et al., 2004). The advent of plant molecular farming raises public 
concern over the accidental incorporation of these biomolecules into human foodstuffs. 
Some of the plants being developed for plant molecular farming are bee-pollinated, 
namely safflower, melon, tomato, and tobacco (Horn et al., 2004). 

Bees are potentially important pollinators in agricultural landscapes and can pose a 
risk to GM confinement, but is it necessary to study them specifically? For some crops, 
such as canola, the accumulated results of many field trials (Damgaard & Kjellsson, 
2005) have shown that the spread of GM genes from a point source is likely to be wide¬ 
spread, but at a low level. Furthermore, these field trials also provide the basis for rec¬ 
ommending GM confinement measures, such as separation distances between GM and 
conventional fields, that should ensure subthreshold GM presence in the yield from the 
conventional crop (Ingram, 2000). However, the high cost and effort of large field trials, 
such as those conducted in Australia (Rieger et al., 2002), means that it is not possible to 
conduct them in all possible conditions. Thus we have a limited ability to predict which 
landscape configurations are most susceptible to GM escape via pollen. Furthermore, 
field trials cannot, in themselves, identify management options, such as whether plant 
traits or bee abundances can be managed to improve the level of confinement. There is, 
therefore, benefit to be gained from principles that define and quantify the potential for 
cross-pollination by bees to cause escape of GM genes into conventional agriculture. 
Later, I discuss the causal mechanisms of insect-mediated gene flow and show how they 
can be modeled to theoretically assess and predict likely levels of pollinator-mediated 
field-to-field gene flow in a bee-pollinated crop. 

Cross-pollination by bees can enable transgenes to escape from GM agriculture into 
various gene pools, including those of conventional crops of the same species, feral 
populations of the crop, or the crop’s wild relatives. Understanding hybridization with 
wild relatives is potentially very important in managing GM confinement (Chapman & 
Burke, 2006: Ellstrand et al, 1999), but it is governed by many factors other than the 
level of cross-pollination, which is the main concern of this chapter. For example, levels 
of hybridization are also determined by the ability of heterospecific pollen to fertilize 
ovules and by the viability of the resultant offspring (Rieger et al., 2001). The discus¬ 
sion of the models that are presented herein focuses on pollinator-mediated gene flow 
between populations of conspecific plants, with the provision that the models could be 
adapted to apply to hybridization by incorporating additional factors. 

The chapter comprises five main sections. In the first, I review our knowledge about 
the key aspects of the ecology of bees that make them potentially important pollina¬ 
tors in an agricultural landscape. In the second section, I consider how to quantify the 
importance of bee pollination to a particular crop. In the third section, I discuss the fac¬ 
tors that influence field-to-field cross pollination and show how these can be quantified 
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to evaluate the potential for GM escape. In the fourth section, I draw some general con¬ 
clusions about the likely role of bees in confinement strategies for an insect-pollinated 
GM crop. Throughout, I draw examples exclusively from the social bees—bumble bees 
(Hymenoptera: Apidae, Bombini, Bombus spp.) and honey bees (Hymenoptera: Apidae, 
Apis mellifera L.)—that reflect their overriding importance in the European agricultural 
landscapes, my familiarity with these bees, and also my inability to find relevant infor¬ 
mation about other plant-pollinator systems. Finally, I address the future studies that 
are needed to remedy this bias and to ensure further acquisition of knowledge about 
bees as pollinators in agricultural landscapes. To this end, the chapter aims to provide 
a conceptual foundation that will enable researchers to identify the critical variables to 
measure. 


The Potential of Bees as Pollinators in Agricultural Landscapes 

Potentially, bees constitute a considerable pollinating force in certain agricultural 
landscapes in which, in some cases, they are capable of pollinating entire fields. Their 
potency as pollinators is determined by three factors: (1) their numerical abundance; 
(2) the rate at which they visit flowers: and (3) the effectiveness with which they transfer 
pollen during each flower visit. I briefly review these three key aspects. 

Bees visit flowers to collect rewards such as nectar and pollen. They forage in agricul¬ 
tural fields when flowers are suitably rewarding. The mass rewards offered by the large 
numbers of flowers closely concentrated in agricultural fields can be lucrative enough 
to attract many bees (Scheffler et al., 1993). For example, in surveys associated with 
the farm-scale evaluations (FSE) of GM crops across the United Kingdom, bumble bees 
have been found in agricultural fields of Brassica napus L. (canola or oilseed rape) at area 
densities of up to 0.15 individuals/m 2 (Department for Environment, Food, and Rural 
Affairs [DEFRA], 2005); in a typical 5 ha field, this density implies the presence of 7,600 
individual bees. Similarly, the FSE surveys found honey bees at area densities up to 0.26 
individuals/m 2 , which imply the presence of 13,000 honey bees per 5 ha field. However, 
in these surveys, bee abundances seldom reached these maxima, and mean area densi¬ 
ties were an order of magnitude lower for both species. 

Two biological features account for the ability of bumble bees and honey bees to 
arrive in large numbers at a large patch of flowers, such as the synchronous bloom of 
an agricultural field. First, the area density of colonies in the neighboring landscape 
may be high, thereby providing a large number of foragers. For example, there may be 
between 10 and 100 bumble bee colonies/km 2 in agricultural landscapes (Darvill et al., 
2004), each holding up to several hundred foraging workers. Second, a sufficiently rich 
floral resource may draw bees from a wide area because their flight range is extensive. 
Bumble bees can fly at 7 m/s (Osborne et al., 1999), which enables them to traverse 1 
km in 2.5 minutes. Thus only a small portion of the duration of a typical foraging trip 
(40-150 minutes; Cresswell et al., 2000) is taken up by a round trip from the bee’s nest to 
a field that is 1 km distant. Long-distance foraging excursions are economically feasible 
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in theory (Cresswell et al., 2000), and observations from various studies confirm this. 
For example, kilometer-scale foraging ranges have been determined by mark-recapture 
methods (Walther-Hellwig & Frankl, 2000), by analysis of spatial differentiation of 
molecular traits (Knight et al., 2005), and, for honey bees, by decoding their waggle 
dances (Visscher & Seeley, 1982). For bumble bees, up to one-third of worker bees forage 
more than 2 km from their nest (Walther-FIellwig & Frankl, 2000). For honey bees, for¬ 
aging distances up to 6 km from the hive may be routine (Visscher & Seeley, 1982). 

Individually, bees are typically assiduous and rapid floral foragers. For bumble bees 
and honey bees, a flower visit often takes only a few seconds in dense patches of flowers 
in agricultural fields. In suitable foraging areas, most movements between flowers are of 
short distance (Schmitt, 1980; Waser, 1982) and therefore rapidly achieved. In a field of 
B. napus, for example, a bumble bee normally visits a flower every 3 seconds and a honey 
bee visits one every 5 seconds (Flayter & Cresswell, 2006). In one agricultural field in 
the United Kingdom in July (Hayter & Cresswell, 2006), B. napus presented flowers at a 
density of 260/m 2 . Therefore, a single bumble bee required 780 seconds, or 13 minutes, 
to visit all the flowers in a square meter. In actuality, bumble bees were found at an 
exceptionally high density of 0.5 bees/m 2 , and so, on average, each flower was visited 
by a bumble bee once every 26 minutes. Under agricultural conditions, a B. napus flower 
blooms for 5 days, or approximately 50 daylight hours, which means that at this very 
high abundance of bumble bees, a flower is expected to have received approximately 100 
bumble bee visits during its blooming period. 

Bee species vary in how effectively they pollinate a particular kind of flower (Motten 
et al., 1981). Large bees, such as bumble bees, are capable of delivering enough pollen 
to fertilize all the available ovules during a single visit to a cranberry flower (Vaccinium 
macrocarpon Aiton; Cane & Schiffhauer, 2003) or a B. napus flower (Mesquida & Renard, 
1984; Cresswell, 1999). In contrast, full seed set in a cranberry flower requires three 
visits from honey bees or two from the solitary bee, Megachile rotundata Fab. (Cane & 
Schiffhauer, 2003). These limited data suggest that bees are highly effective pollinators 
and that flowers may require rather few bee visits to achieve full seed set. 

In summary, bees have the potential to be important pollinators in agricultural land¬ 
scapes, but this depends on their abundance, rate of flower visitation, and effectiveness 
in delivering pollen per visit. For a particular plant-pollinator interaction, I argue that 
the rate of flower visitation per pollinator and the effectiveness of these visits are likely 
to be fairly constant because they are set primarily by the physiological, morphological, 
and behavioral attributes of the pollinator and by the architecture of the flower, which 
all vary only in a limited range. For example, the observed rate at which bumble bees 
visit flowers of B. napus in agricultural fields tends to be similar in many studies (approx¬ 
imately 3 seconds per flower), probably because flower area densities are relatively con¬ 
stant in fields, constraining variation in flight times between flowers, and because the 
time taken by a bee to handle a flower is relatively insensitive to its nectar level (Cresswell, 
1999). Variation in the pollination effectiveness per flower visit also is likely to be con¬ 
strained by the conservative nature of the mechanical contacts between the sexual 
anatomy of the flower and the bee’s body (Cresswell, 1998; Cresswell, 2000; Cresswell 
& Hoyle, 2006), although pollination can also vary somewhat with the availability of 
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pollen on flowers (Cresswell, 1999). In contrast, densities of bees in agricultural fields 
have been observed to vary across at least two orders of magnitude (Hayter & Cresswell, 
2006). I therefore argue that bee abundance is likely to be the key factor affecting varia¬ 
tion among locations in the importance of pollinators to crop pollination (Morandin & 
Winston, 2005). Next, I consider the quantitative relationship between a bee species’ 
abundance and its importance to an insect-pollinated plant species. 


How Important Is Pollination by Bees in a Particular Crop? 


A fundamental determinant of the importance of bee pollination in an agricultural field 
is the proportion of flowers that receive a bee visit, R, because bees can affect the pater¬ 
nity of seeds only in flowers that they visit and pollinate. R can be estimated from some 
basic, conveniently measured descriptors of the plant-pollinator system as follows. Let F 
denote the density of flowers per square meter, and let H denote the mean amount of 
time it takes a bee to visit a flower (including interflower travel) in hours. Hence, bees 
visit 1/H flowers per hour. If there is one bee per square meter, each flower receives a bee 
visit every 1/FH hours, on average. Let B denote the density of bees in units of individu¬ 
als per square meter. Therefore, each flower is expected to receive B/FH bee visits per 
hour. If a flower blooms for a functional lifetime of L hours, then the total number of bee 
visits, or pollen deliveries, D, expected by each flower is given by 


LB 

FH' 


( 11 . 1 ) 


If D < 1 (equation 11.1), then R = D; otherwise, R = 1. This relationship depicts only the 
average; the variance around this mean will depend on the behavioral details of flower 
visitation by the bees. 

In an agricultural field of B. napus in the United Kingdom in April, the density of 
flowers was 1,150 flowers/m 2 , the density of bumble bees was 0.002 bees/m 2 , and 1/H 
was 1,200 flower visits/h (Hayter & Cresswell, 2006). Solving equation (11.1) with these 
values shows that the expected number of bumble bee visits received by a flower in its 
blooming period (50 h) was D = R = 0.1. In other words, only 10% of flowers received 
even a single bumble bee visit. 

Clearly the importance of pollination by bees declines as R becomes smaller, but 
even if bees visit every flower and deliver pollen to each, other factors also determine 
the impact of bee pollination on seed paternity. First, a single bee visit may not fully 
fertilize the flower’s complement of ovules (Motten et al., 1981). Second, pollen arrives 
on a flower's stigma by various routes (figure 11.1), and these modes of delivery com¬ 
pete to fertilize the flower’s ovules (Harder & Routley, 2006; Hoyle et al., 2007). In some 
crops with flowers suited for animal pollination (i.e., zoophilous flowers), wind pollina¬ 
tion can occur (Eisikowitch, 1981), but probably only at a relatively low rate, because 
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Facilitated Autonomous 


Wind Flower collisions 



Figure 11.1 Potential modes of pollination for a zoophilous flower (i.e., a flower suited to 
animal pollination). 


a zoophilous flower is unsuited for capturing airborne pollen (Cresswell et al., 2004). 
Bred for yield, it is likely that crop species are often capable of pollinating themselves 
autonomously, which ensures seed set even when pollinator visits are absent. Most ani¬ 
mal-pollinated crops, for example, soybean (Glycine max Merr.), cotton (Gossypium spp.), 
canola (B. napus), and safflower (Carthamus tinctorius L.), can also pollinate themselves 
autonomously because they have hermaphrodite flowers with self-compatible pollen 
(Lloyd & Schoen, 1992). 

Plants can pollinate themselves autonomously by various mechanisms. In soy¬ 
beans, for example, pollen is released before the flower opens (Crane & Walker, 1984). 
In safflower, the pollen is presented by a nudelspritze, or noodle-squeezer, mechanism, 
in which the pistil acts as a piston to expel pollen that has been released inside the floral 
tube. The stigma is at the top of the piston, and so it becomes coated with pollen, which 
may later fertilize the flower’s ovules (McGregor, 1976). In some wild plant species, the 
flower’s stigma is gradually brought into contact with the stamens as the flower ages 
(Ruan et al., 2005). Even when special mechanisms are not evident, autonomous self- 
pollination can be brought about in a windblown flower when pollen is shaken from 
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the dehiscent stamens onto the stigma (Hayter & Cresswell, 2006). When plants are 
closely crowded, as in many agricultural crops, collisions between windblown flowers 
may bring about autonomous cross-pollination (Hoyle et al., 2007). 

If autonomous mechanisms deliver enough pollen to enable complete seed set, then 
seed yield is independent of the abundance of pollinators. Faced with this scenario, it 
may be tempting to conclude that bees are ineffectual pollinators and do not affect gene 
flow. However, consider a hypothetical example in which bee visits account, on average, 
for 500 of the 1,000 pollen grains that accumulate on each flower’s stigma. If 500 pollen 
grains are sufficient to ensure full seed set, the elimination of bee visits would have no 
effect on yield, but the bees are nevertheless pollinating half of the ovules, assuming that 
pollen on the stigma fertilizes ovules in proportion to its representation on the stigma. 
Indeed, bee pollination could be responsible for fertilizing all the ovules if the other polli¬ 
nation mechanisms are late-acting, as in “delayed selfing” (Lloyd & Schoen, 1992). Thus 
the lack of a relationship between seed yield and bee abundance may indicate only that 
variation in yield is not an appropriate way to detect the pollinators' contribution to 
seed paternity and gene flow. Rather than analyzing the effect of bee abundance on seed 
yields, we need to determine the contribution made by bees to the fertilization of ovules 
and, hence, to gene flow. How should this be achieved? 

I present two possible methods for investigating the importance of bee pollination 
for seed paternity in an agricultural field. Both require that the typical rate of pollen 
accumulation on stigmas be established (figure 11.2). To accomplish this, a cohort of 
flowers is marked while in bud and the time of each flower’s opening is recorded. Flowers 
are then randomly selected for harvest at intervals, and the pollen accumulated on 
their stigmatic surfaces is quantified. Assuming that pollen accumulates linearly with 
time (figure 11.2a), let the estimated rate of total pollen accumulation be denoted by 
P T grains/h. 

The first method for estimating the importance of bee pollination involves combining 
measurements of bee abundance, activity, and effectiveness per visit to estimate the rate 
of pollen accumulation due to bees, denoted P B grains/h. Various authors have proposed 
evaluating pollinator importance by quantifying the effectiveness of an insect species as 
a product of the rate at which it visits flowers and the amount of pollen it transfers per 
visit (Beattie, 1971; Primack & Silander, 1975), which I adapt as follows. Suppose that 
observations reveal that the density of a particular bee species is B individuals/m 2 and 
that the mean rate that individual bees visit the field's flowers is 1/H flowers/h. The area 
density of flowers in the field is F flowers/m 2 . Experiments in which virgin flowers were 
offered to bees reveal that a single bee visit deposits G pollen grains. The estimated rate 
of pollen accumulation on a flower's stigma due to the bee species is given by 


BG 

FH 


( 11 . 2 ) 


The rate due to a particular bee species can then be compared with the overall, or total, 
rate at which pollen accumulates on the stigma, P T . If we assume that pollen delivered by 
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Time 


Figure 11.2 Hypothetical pollen accumulation curves. Pollen (y-axis) indicates the 
number of pollen grains accumulated on a flower’s stigma. Time (x-axis) indicates the 
duration of a flower's blooming period (i.e., the flower opens at time = 0). M indicates 
the number of pollen grains needed for maximum seed set, T M indicates the amount of 
time taken by a flower to accumulate M pollen grains, and T F indicates the time at which 
a flower finishes blooming. In the upper panel (a), pollen accumulates at constant rates 
through each mode of pollination. In the lower panel (b), self-pollination predominates 
during the early life of the flower, and the rate of bee pollination increases latterly. 


bees fertilizes seed in proportion to its relative abundance on stigmas, the relative mag¬ 
nitudes of P B and P T determine the bees’ importance in contributing to seed paternity. 
Specifically, the importance of pollination by bees is indicated by the proportion of seed 
pollinated by these bees, I B , which is estimated by 


B 


5l 

Pt' 


I , 


(11.3) 
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A second method for estimating I B involves estimating the rate of pollen accumulation 
by flowers from which bees are excluded. Bees can be excluded from flowers either with 
cages or by discouraging bee visits by making the flowers unattractive to bees through 
removing or discoloring the petals, which avoids the inconvenience of constructing 
cages and the possible artifacts in pollen accumulation rates caused in small cages when 
flowers collide with cage walls. The effectiveness of methods for discouraging pollina¬ 
tor visits must be checked, however, because bees might visit modified flowers in some 
instances (Pierre et al., 1996). 

If the rate of pollen accumulation in flowers from which bees are excluded is denoted 
PnotB grains/h (figure 11.2), the importance of bees for the pollination of the crop is given by 



To illustrate these approaches, consider the following data describing pollination by 
bumble bees in conventional agricultural fields of B. napus in the United Kingdom in 
April. Hayter and Cresswell (2006) empirically estimated the following parameter val¬ 
ues: B = 0.003; 1/H = 1,200; F = 1,150; and G was estimated by Cresswell (1999) as 
150. Therefore, P B = 0.47 (equation 11.2). Hayter and Cresswell (2006) estimated the 
rate of pollen accumulation by flowers as 1.4 grains/h across entire days, but assuming 
that pollination takes place for 10 h each day, this yields P T = 1.4(24/10) = 3.4. Based on 
these figures, 1 B = 14% (equation 11.3). Excluding pollinators in the same study system 
revealed that, at such low abundance, bees had no statistically detectable effect on pollen 
accumulation rates (Hayter & Cresswell, 2006), which implies that P T = P, wtB , and there¬ 
fore I B = 0% (equation 11.4). The latter estimate is certainly too low, however, because 
we observed bees pollinating flowers in the field. Nevertheless, both estimates agree that 
bumble bee pollination is responsible for fertilizing only a small fraction (<14%) of the 
seeds in this canola field, which emerges from the scarcity of bees and the high capacity 
of B. napus to pollinate itself autonomously. 

The models described previously (equations 11.2—11.4) use relative contributions to 
pollen accumulation to estimate relative contribution to seed paternity, a method that 
may have pitfalls if the relative rates of the various modes of pollination vary substan¬ 
tially over time. All else being equal, the earliest pollen to arrive on the stigma is most 
likely to fertilize ovules. Pollen that arrives later may find that ovules have been pre¬ 
empted by pollen that has arrived even 30 minutes earlier (Snow et ah, 2000). If pollen 
accumulation rapidly reaches the level required for full seed set, the first day, or even 
the first hours, after flower opening may be critical in determining the relative success 
of different modes of pollination. Therefore, a particular mode of pollination that pre¬ 
dominates only during the earliest hours of stigma receptivity may accrue a fraction of 
ovules that is disproportionate to its relative contribution to total pollen accumulation. 
For example, if “prior selfing" (Lloyd & Schoen, 1992) occurs in a flower, which means 
that self-pollination happens while the flower is still in bud, self-pollination may domi¬ 
nate seed paternity even if only a small proportion of the pollen eventually accumulated 
arrives by this route. Similarly, if one pollinator species was particularly active when 
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Figure 11.3 Hypothetical relationship between the number of pollen grains accumulated 
on a flower’s stigma (dose: x-axis) and the number of seeds set by the flower (response: 
y-axis). M denotes the minimum number of pollen grains required for maximum seed set. 


flowers first opened, perhaps in the early part of the day, its pollinating activity may 
make a disproportionate contribution to seed paternity. These complications could read¬ 
ily be revealed using a survey of pollen accumulation, as described earlier. However, the 
flowers must be collected frequently enough after opening to reveal any nonlinearity in 
pollen accumulation (figure 11.2b). 

One way to begin to determine the most relevant time scale over which to study pollen 
accumulation is to first determine the dose-response relationship (Cane & Schiffhauer, 
2003) between pollen (the dose) and seed set (the response: figure 11.3). If M denotes the 
minimum number of pollen grains required for maximum seed set, then the appropriate 
time scale over which to study pollen accumulation is , the time it takes the stigma to 
accumulate M pollen grains. 


Estimating Field-to-Field Gene Flow Mediated by Bees 


Demonstrating that bees are important pollinators of a crop is necessary, but not 
sufficient, to implicate them as agents of genetic escape from GM crops. In this section, 
I analyze the determinants of levels of field-to-field cross-pollination and gene flow. 
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The rapid flight speed of large bees, such as bumble bees and honey bees, means that 
fields separated by a few tens of meters are likely to experience significant cross-pollina¬ 
tion by bee movements (Morris et ah, 1994). However, large bees also possess the neces¬ 
sary flight range to fly between distant fields during a single foraging bout and thereby 
transfer pollen across a landscape. There is, however, not enough evidence to determine 
whether interfield flights are sufficiently frequent to make an important contribution 
to gene dispersal. For foraging honey bees, most of whom are probably recruited to a 
rewarding site by dance communication, it seems likely that many individuals will 
exploit a single location before returning home. Bumble bees forage by individual initia¬ 
tive, but many studies of marked bumble bees have shown that individuals return to 
the same patches of plants over successive foraging trips (Osborne & Williams, 2001), 
although they may not restrict themselves to these locations. To my knowledge, only 
one published study demonstrates field-to-field movements, but only on succeeding 
days. Kreyer and colleagues (2004) found that about 5% of bumble bees marked in one 
field of Phacelia tanacetifolia were subsequently recorded foraging in another field 600 m 
distant. In summary, bee-mediated cross-pollination seems likely in fields separated by 
tens of meters, but its importance in fields separated by hundreds or thousands of meters 
is as yet unclear. 

GM escape by field-to-field cross-pollination occurs when a bee leaves the GM field 
and then visits flowers in the conventional (non-GM) field, bringing with it transgenic 
pollen. Logically, the amount of transgenic pollen transferred to flowers in the conven¬ 
tional field increases with the number of bees that arrive with transgenic pollen and 
with the amount of pollen each bee brings. However, as a bee forages in the conventional 
field, its load of transgenic pollen is depleted and then increasingly diluted in the collec¬ 
tive “pollen pool” on the stigmas of conventional flowers by nontransgenic pollen that 
the bee transfers among the conventional flowers themselves (figure 11.4). Therefore, 
the relative amount of transgenic pollen on the conventional field’s flowers, which deter¬ 
mines the proportion of transgenic seed, is inversely proportional to the total amount 
of pollen delivered by each bee during a bout of foraging in the conventional field. 
Equivalently, the proportion of transgenic seeds in the conventional field is determined 
by ratio between the number of fruits a bee fertilizes with transgenic pollen on arriving 
in the conventional field versus the total number of fruits the bee fertilizes during its visit 
to that field. This ratio quantifies the level of bee-mediated gene flow between a source 
population and a sink population. For plants pollinated exclusively by bees, Cresswell, 
Osborne, and Bell (2002) suggested that the proportion of GM-containing seed set in a 
conventional crop, denoted £ GM , could be modeled by 


£ 


GM - 


Eif/ 

b 


(11.5) 


where each bee that arrives in the conventional field from the GM field fertilizes <// fruits 
with GM paternity for every b conventional flowers it fertilizes, and where a proportion 
E of all the conventional field’s bees arrive directly from the GM field. 
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Figure 11.4 Schematic of the model in equation (11.5), which describes the 
consequences for seed paternity of a bee arriving and foraging in a con¬ 
ventional (non-GM) field carrying pollen from a GM field. The figure illus¬ 
trates the influence of the number of flowers pollinated during a bout in the 
non-GM field, b, on the overall proportion of GM seeds, f. Two hypotheti¬ 
cal foraging bouts among the field’s flowers are indicated, with the shorter 
bout shown above. Each upright rectangle represents the fruit of a flower 
in the non-GM field, with its constituent seeds represented by circles. Filled 
circles (•) represent seeds with GM paternity, and open circles (O) repre¬ 
sent non-GM seeds resulting from transfer of pollen within the conventional 
field. In equation (11.5), i]/ denotes the amount of GM seed produced when 
a bee fertilizes b flowers, that is, the total number of fruits full of seeds with 
GM paternity. 


To date, <// and b have both been measured only for one plant-pollinator interaction, 
bumble bees and B. napus (Cresswell et al„ 2002; Cresswell, 2005), where they were 
determined as ip ~ 1 and b ~ 600. For bumble bees pollinating B. napus, the value of <1/ is 
conserved across widely different schedules of pollinator visits, and it therefore appears 
to be a fundamental attribute of the bumble bee-B. napus interaction (Cresswell & Hoyle, 
2006). In the most extreme case in which all arriving bees carry GM pollen, that is, 
E = 1, the solution to equation (11.5) therefore yields f GM = 0.2%. These results indicate 
that bee-mediated cross-pollination between agricultural fields is capable of causing GM 
paternity in seeds at a rate of at most a fraction of a percent. To what extent are these 
results likely to generalize to other bee-pollinated crops? 
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The outcrossing potential of the plant-pollinator interaction is set by the outcrossing 
parameter, ip, which is the maximum number of fruits that the pollinator fertilizes in 
the conventional field with pollen from the GM field. Assuming that the pollinator has 
visited sufficient flowers in the GM field to become fully charged with GM pollen, the 
magnitude of ip will be set by, for example, the capacity of the bee to retain pollen on its 
body in a position suited for retrieval by the sexual parts of flowers and by the efficacy 
of the pollinators’ in-flight grooming. In B. napus, the outcrossing potential of bumble 
bees is ip ~ 1, which means that an individual bee moving between fields arrives with the 
potential to fully fertilize one fruit with foreign pollen. The flower of B. napus pollinates 
itself autonomously rather slowly because the anthers dehisce only gradually (Bell & 
Cresswell, 1997), and so ip is likely to be larger in B. napus than in plant species that 
rapidly bring about autonomous self-pollination, such as safflower. Moreover, the exact- 
ingly optimal fit between bumble bees’ bodies and the sexual anatomy of the B. napus 
flowers that they pollinate (Cresswell, 2000) suggests that other bees are unlikely to be 
highly superior cross-pollinators that confer a higher value of ip. Thus, although it is not 
possible to generalize with confidence about the magnitude of i p until further studies are 
completed, it seems likely that agricultural crops will have ip < 1. 

The extent to which incoming GM pollen is diluted by conventional pollen is set by 
the dilution parameter, b, which can be estimated by the expected number of flowers 
that a bee visits during its bout in the conventional field. Unfortunately, the value of b 
has seldom been measured in agricultural fields. Rough estimates are possible based on 
the nectar-carrying capacity of bees in relation to the size of floral rewards. For example, 
in social bees the capacity of a worker's honey stomach is approximately 30 pi in honey 
bees (Ribbands, 1953) and approximately 80 pi in bumble bees (Heinrich, 1979). The 
total daily nectar production of many bee-pollinated flowers is typically less than a few 
microliters (Heinrich, 1979). Bees are important pollinators when their visits are fre¬ 
quent, in which case flowers are likely to have depleted nectar and so contain perhaps a 
fraction of a pi. In such a case, b will be correspondingly large, assuming that foraging 
bees fill their honey stomachs to capacity. This argument is supported by several obser¬ 
vations. Bateman (1947) recorded 400 successive flights by a honey bee in a field of rad¬ 
ish (Raphanus sativus L.), which implies that b > 400. For honey bees foraging on a field 
of white clover (Trifolium repens), Percival (1950, as cited in Ribbands, 1953) calculated 
that 585 successive visits would be required to collect a full load of pollen, and Weaver 
et al. (1953, as cited in Ribbands, 1953) observed a honey bee making 494 consecutive 
flower visits. Therefore, it is likely that only small patches of plants will be susceptible to 
producing seeds with high proportions of foreign paternity because of low b, that is, a 
small dilution effect (Cresswell & Osborne, 2004). 

The likelihood that a bee that arrives at the conventional field is carrying GM pollen 
is given by E, the transmission parameter. The transmission parameter is estimated by 
the proportion of bees that arrive at the conventional field from the GM field. The value 
of E has so far proven impossible to quantify at a scale appropriate to an agricultural 
landscape. Direct observations are hampered because bees travel fast. Bumble bees, for 
example, fly at 7 m/s and are, therefore, difficult to follow by eye over a substantial dis¬ 
tance. Bees do, however, take a direct route for long-distance flights, hence the term 
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beeline, which connotes an undeviating route. Potentially the direction of a bee’s depar¬ 
ture from a field could reasonably serve as an indicator of the insect’s intended destina¬ 
tion (Ramsay et al, 2003). If the direction of departure from a GM field corresponds to 
the compass direction of a conventional agricultural field, this may signify the potential 
for field-to-field GM cross-pollination. However, although observations of this kind can 
suggest that E > 0, they do not define the value of E any further. Harmonic radar can 
trace at high resolution the movements of small numbers of bees individually as they 
travel over landscapes up to 500 m from the radar source (Osborne et al. 1999), but this 
method also does not quantify the origins of a collective mass of bees arriving at a field, 
and therefore is not suited to quantifying E. At present, there are no empirical estimates 
of E, and studies using the model of equation (11.5) have calculated only “worst case” 
estimates using E = 1 (Cresswell et al., 2002). However, it may be possible to estimate E 
theoretically (Hoyle & Cresswell, 2007). 

Equation (11.5) must be modified if bee abundances are insufficient to ensure that 
every flower receives a bee visit. If only a proportion of a conventional field’s flowers 
receive a visit by a bee (i.e., R < 1; see equation 11.1) then the proportion of GM seed due 
to bees is given by 


$ 


GM 



( 11 . 6 ) 


In an agricultural field of B. napus that bloomed in April in the United Kingdom, bees 
were scarce, such that R = 0.1 (Hayter & Cresswell, 2006). Assuming E = 1 in equation 
(11.6), the maximum potential for bumble bee-meditated gene flow is £ GM = 0.02%. If 
GM pollen arrives by other means, such as wind pollination, then the overall proportion 
of seed with GM paternity may exceed £ GM , however. When bees are scarce (i.e., not all 
flowers receive a bee visit and R < 1), then following equation (11.1) we can write 


_ LB ( Ei M 
~ Fh{ b )' 


(11.7) 


In this case, the likelihood that bees will mediate GM gene flow is inversely related 
to flower area density, F, because high flower density decreases the chances of flowers 
receiving a bee visit, and proportional to flower lifespan, L, because flower longevity 
prolongs exposure to bee visits. 


Implications for the Confinement of Bee-Pollinated GM Crops 


The potential importance of bees as a threat to the confinement of GM crops should be 
evaluated on a case-by-case basis, but I argue that in many instances bees are unlikely 
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to cause high levels of genetic escape into large agricultural fields of conspecific con¬ 
ventional crop varieties for three reasons: (1) it is possible for the millions of flowers in a 
large agricultural field to saturate the available bees; (2) even when visits to flowers by 
bees are common, the importance of pollination by bees is reduced by competing modes 
of pollination that are likely to be active in crops bred for yield assurance, for example, 
autonomous self-pollination; and (3) even if bees travel frequently between GM and con¬ 
ventional fields, field-to-field cross-pollination by bees is likely to produce only low levels 
of gene flow provided that, on average, bees visit a large number of flowers during each 
visit to the field. 

Recommendations for improving confinement in bee-pollinated GM crops based on 
these conclusions are as follows. Flowers that pollinate themselves autonomously reduce 
the proportion of the seed that is fertilized by bees. Floral traits that improve the rapidity 
of autonomous self-pollination could be targeted by plant breeders to further insulate 
seed of conventional agricultural varieties against fertilization by foreign pollen. When 
bees are scarce, the importance of pollination by bees is reduced as the density of flowers 
increases and flower longevity decreases. Farmers can control flower density by modify¬ 
ing planting density, and plant breeders can adjust floral longevity. Two other possible 
strategies related to bee pollination could contribute to GM confinement, but our cur¬ 
rent level of knowledge is insufficient to clarify their worth. 

First, it is theoretically possible to adjust a crop's rate of nectar production, because 
it is a heritable trait. If reduced nectar production by the flowers in a conventional 
field led to decreased amounts of nectar in flowers, nectar-collecting bees would have 
to visit more flowers in a field to reach capacity, which would increase b and thereby 
reduce f, the proportion of the seed yield that contains foreign paternity (equation 11.5). 
However, bees encountering low nectar levels may instead be more likely to quit the 
field and explore elsewhere, thereby decreasing b and increasing £. The likely effect on £ 
of increasing nectar production in the conventional field is equally uncertain. Higher 
nectar rewards may cause bees to visit fewer flowers before reaching capacity, thereby 
decreasing b and increasing f. Alternatively, higher nectar levels in the conventional 
field may promote foraging site fidelity by the bees, which would decrease E and thereby 
reduce f. Thus it is not possible to evaluate further these opportunities until more is 
known about the relationship between floral rewards and landscape-scale movements 
by bees. 

Second, it is theoretically possible to alter the composition of the pollinator fauna. 
Most feasibly, the abundance of honey bees in the vicinity of a non-GM field could be 
increased by introducing domesticated hives. If honey bees showed site fidelity to the 
non-GM field for entire foraging bouts, within-field pollination would be augmented, 
thereby insulating the field against foreign pollen. However, the site fidelity of honey 
bees is not fully determined, and so the effect of this manipulation is currently unclear. 
Moreover, it is possible that pollen transfer in the honey bee hive may further spread GM 
pollen (Ramsay et al., 1999). 

Overall, however, ecologically based strategies for improving GM confinement are 
likely to be less important than strategies based in the biotechnology itself (Chapman & 
Burke, 2006). 
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The Agenda for Future Research 


The theoretical models presented in this chapter are intended to promote progress in 
understanding the importance of bees as pollinators in the agricultural landscape. In 
particular, the parameters of the models are intended to begin to expose the funda¬ 
mental influences on pollination and plant gene flow in plant-pollinator interactions. 
Furthermore, some of the parameters are convenient to measure. For example, the area 
densities of flowers and bees, floral longevity, and bee foraging rates are simple to esti¬ 
mate in the field and potentially highly informative about the importance of bees as 
pollinators (equation 11.1). Despite the ease with which these data could be quantified, 
it is difficult to find studies in which they are comprehensively reported. Additionally, 
we need more studies of the capacities of single bee visits to deliver pollen and thereby 
fertilize seed. Cane and Schiffhauer’s (2003) study of bee pollination in cranberry is 
exemplary in this respect, and more like it must be made in other systems. However, 
a full understanding of the plant-pollinator interaction requires cooperation between 
both entomologists and botanists. The quantitative study of competing modes of pol¬ 
lination has been neglected for too long, and proper recognition must be given to the 
role of the plant’s breeding system and sexual morphology (equations 11.3 and 11.4). 
Finally, although accurate theoretical prediction of field-to-field gene flow is now pos¬ 
sible (equation 11.6), the technical difficulties of measuring field-to-field movements by 
bees need to be overcome, and ingenious scientists must give this some thought. 
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Genetically Modified Crops 


Effects on Bees and Pollination 
Lora A. Morandin 


Introduction 

Genetic engineering of crop plants has opened up profoundly new avenues of species 
alteration beyond what was possible with traditional plant breeding or mutagenesis. 
Essentially, the entire community of life has become a source of new genes for crops 
(Chrispeels & Sadava, 2003). Accompanying the creation of novel crop varieties is the 
potential for environmental impact, beneficial or harmful. 

Commercialization of genetically modified (GM) crops has raised considerable con¬ 
cern about negative impacts they may have on nontarget organisms. Bees are nontarget 
organisms that have intrinsic environmental value and that also directly benefit crop 
production through their role as pollinators, making the question of how GM crops affect 
bees an economic, as well as a conservation, issue. Genetic modification does not refer to 
one or even a few types of alterations of plants, but rather to a process that is used to insert 
novel genes that can be as widely different from each other as they may be from the envi¬ 
ronmental impacts they cause. With this in mind, it becomes clear why there is no simple 
answer to the question of potential harm to bees or other organisms from GM crops. 

Crops have been systematically improved through plant breeding for over 150 years. 
Common goals of crop breeding programs are improved tolerance to pests and abiotic 
stresses, improved productivity, and improved processing and nutritional characteris¬ 
tics (Beversdorf, 1993). Although world hunger may be more related to food distribution 
and unequal access than to insufficient food production per se (Matson et al., 1997), 
further agricultural expansion, cultivar improvement, and intensification are inevita¬ 
ble (Tilman et al., 2001), with the world’s population expected to grow from 6.5 billion 
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at present to over 9 billion by 2050 (U.S. Census Bureau, 2008). Despite controversy, 
cultivation of GM crops is an integral present and future component of agricultural 
development. 

The DNA of all organisms is fundamentally identical, so that genes and parts of 
genes can be exchanged. In the 1970s the first recombinant organisms were created, 
and by the mid-1980s field trials had begun with GM crop plants. As of 2004, 17 coun¬ 
tries around the world were growing at least one transgenic crop. The leaders in GM 
crop production by area grown (millions of ha; percent of total) are the United States 
(47.6; 59%), Argentina (16.2; 20%), Canada (5.4; 6%), Brazil (5; 6%), and China (3.7; 5%). 
The rate of growth of the GM crop industry has increased since commercialization of 
GM crops in 1996, and between 2003 and 2004 there was a 20% increase in area used 
for genetically modified crop production. Twenty-nine percent of corn, cotton, soy¬ 
bean, and canola are now genetically modified globally. Herbicide tolerance has been 
the dominant trait introduced into crop species (72% of GM acreage), followed by insect 
resistance (19% of GM acreage; James, 2005). Currently, the unofficial moratorium on 
GM crops maintained by the European Union (EU) since 1998, which prevents farmers 
from growing GM crops, is weakening. Field trials of beet, oilseed rape, and maize have 
been conducted in the past few years in the United Kingdom, and Britain approved GM 
herbicide-tolerant maize in 2004 for commercial production. 

Pollination by insects, primarily bees, improves crop yield in approximately 80% of 
the roughly 100 crop plants that feed the world (Prescott-Allen & Prescott-Alien, 1990; 
Ingram et al„ 1996), and it is estimated that 30% of food in developed countries results 
from bee pollination. Some crop species rely completely on bee-mediated pollen trans¬ 
fer, whereas others are self-fertile yet have improved seed or fruit production with bee 
pollination. 

All bees require nectar and pollen sources throughout their adult life for their own 
energetic needs and to provision their offspring. Honey bees are the most economically 
important managed pollinators, and studies of effects of conventional and transgenic 
pesticidal proteins largely have focused on impacts to this one species of bees. Yet bees 
(Superfamily: Apoidea) are a very diverse group, with 20,000 to 30,000 species from 
seven families worldwide, ranging from solitary to colonial to primitively social species 
to the highly social bees (Michener et al„ 1994). Pesticides and agricultural practices 
could have different impacts on managed honey bees and other bees. For example, care 
can be taken to protect managed honey bee colonies from pesticide sprays by closing 
colonies or moving colonies to different crops during spraying. Size, foraging range, and 
physiological, social, and behavioral differences among wild bee species also play a role 
in determining what impacts GM technology may have. Testing at least a few bee species 
from genera other than Apis would provide some knowledge of the sensitivity of other 
bees to commonly used GM crops. I distinguish between effects on managed honey bees 
and wild bees when discussing GM technology. However, little data are available on 
impacts of GM agriculture on wild bees, and I, therefore, cannot provide much detail on 
how products and practices affect different wild bee species. 

Unfortunately, new technologies often are adopted before environmental impacts are 
reasonably well understood. Neglecting environmental impacts of agriculture threatens 
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to disrupt ecosystem services such as pollination, possibly reducing or eliminating any 
yield benefit from agricultural intensification and expansion. Two fundamental ques¬ 
tions regarding bees and genetically modified crops are: (1) do GM crops have an impact 
on bees and bee populations either negatively or positively and (2) if GM crops do have 
an impact on bees, will this affect crop pollination and yield? 

In this chapter, I explore some scientific evidence for a possible impact, or lack of 
impact, of this relatively new technology on bees and crop pollination. I examine the state 
of our current understanding and areas in which information is scarce on the interac¬ 
tion between bees and GM crops. And I explore the questions that should be asked and 
suggest research that should be done in order to mitigate the negative effects of genetic 
modification of crop plants on bees. 


Potential Effects of GM Crops on Bees 

Two main types of impacts that GM crops could have on bees are direct toxic effects 
and indirect agroecosystem effects. Toxicity tests usually begin with controlled labora¬ 
tory experiments using the product of genetic modification, a purified transgene pro¬ 
tein. Laboratory experiments sometimes are followed by field trials on the health of bee 
colonies (in the case of honey bees) that forage on plots of the transgenic crop. Most 
commonly, toxicity is assessed in laboratory experiments that evaluate bee mortality 
rates, but bees also need to perform complex behaviors to collect pollen and nectar and 
to provision their offspring, stimulating studies on potential effects of toxins on learning 
and foraging behavior of exposed bees. 

Genetic modification of plants could have indirect effects on bee communities by 
altering the environment that bees experience. Direct effects involve toxicity of the pro¬ 
tein product expressed by the inserted gene, whereas indirect effects involve uninten¬ 
tional alteration of the modified plant or differences in agricultural practices associated 
with the GM cultivar. Field studies using realistically sized trial plots or commercial 
fields need to be conducted to assess indirect effects of GM crops on bees, but few such 
studies have been conducted. To test for direct toxicity of pesticidal proteins on bees, 
the United States Environmental Protection Agency (EPA) requires that the modified 
crops be tested for safety on honey bees using partial-field tests comparing the health of 
colonies exposed to GM plants and equivalent non-GM plants (Z. Vaituzis, EPA, personal 
communication, March 8, 2006). The EU follows international regulations outlined in 
the Cartagena Protocol on Biosafety (2000), which states that risk assessment be con¬ 
ducted in order “to identify and evaluate the potential adverse effects of living modified 
organisms on the conservation and sustainable use of biological diversity in the likely 
receiving environment" (p. 28). 

Currently, no set guidelines are in place for direct and indirect testing on bees. In the 
United States, environmental testing of GM plants, other than testing for direct toxicity 
of transgenic pesticidal proteins, is regulated by the Animal and Plant Health Inspection 
Service (APHIS) of the U. S. Department of Agriculture (USDA). As part of the approval 
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process, APHIS requires the applicant to adequately prove, either through literature or 
experiments, that the transformed crop will not harm bees (R. Rose, APHIS, personal 
communication, March 2006). However, when APHIS determines that direct toxic 
effects are unlikely to occur, they do not assess potential for indirect effects. 

Gene insertions that confer insect resistance to crops have the potential to cause 
harm to beneficial insects, such as bees. Bees consume primarily nectar and pollen. 
Nectar contains insignificant amounts of protein and is unlikely to contain transgenic 
protein products, but pollen is 8-40% protein and is the most likely route of transgene 
protein exposure to bees. 

Transgene products from herbicide-tolerant crops are not likely to harm nontarget 
beneficial insects such as bees, and this supposition has been supported by a number of 
studies using direct protein feeding, semifield, and field experiments (Pierre et ah, 2003; 
Huang et ah, 2004). GM crops with insect-resistant transgene products are more likely to 
be harmful to beneficial insects because of a relatively similar physiology among insects. 

A potentially novel problem that is presented with the use of GM insect-resistant 
crops is that bees could be constantly exposed to pesticides throughout crop bloom. 
Applied pesticides break down in the environment at varying rates, and application can 
be restricted to times at which a crop is not in bloom or at night, minimizing pollinator 
exposure. Duration and level of exposure is an important component of the risk to bees, 
and relative risk among insect control strategies must be assessed in a way that mimics 
potential environmental exposure. 

Although it is obvious that lethal effects of pesticides on bees would cause harm 
to populations, sublethal effects also could harm bees. Bees must perform complex 
behaviors that combine motor and learning skills in order to locate food sources and 
efficiently provision their offspring. Toxins that disrupt a bee's ability to perform these 
tasks through disruption of physiology and/or behavior could result in decreased repro¬ 
duction, with negative long-term population implications. Sublethal effects of pesticides 
on bees are not as obvious as lethal effects and thus may be more difficult to assess. 
However, if overlooked, sublethal effects could cause unexpected impacts to bee popula¬ 
tions that are possibly greater than more well-understood lethal effects. 


Direct Toxic Effects of Pesticidal GM Plant 
Bt Proteins 

More than 99% of the commercialized GM insect-resistant crops have been trans¬ 
formed with genes coding for crystalline (Cry) proteins from the soil bacterium Bacillus 
thurigiensis (Bt; James, 2005). Bt is a gram-positive bacterium that produces crystalline 
proteins during sporulation (Simpson et al., 1997), and various strains show insecti¬ 
cidal activity against Lepidoptera, Diptera, Colepotera, and Hymenoptera (Hofmann & 
Luthy, 1986; Benz & Joeressen, 1994). The crystalline proteins are dissolved in the 
midgut of some insect species, releasing one or more potential toxins. The toxins may 
be cleaved by gut proteases, resulting in active toxins that bind to specific epithelial 
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cells, causing pore formation and resulting in an almost immediate cessation of feeding, 
followed by death (Gill et al., 1992). Specificity of Bt toxins may result from specific 
binding affinity of certain Bt toxins to gut tissues of species or groups of species; how¬ 
ever, the mode and degree of specificity of Bt toxins are poorly understood (Simpson 
et al., 1997). 

Bt formulations have been used in surface application form as a low-risk and organic 
insect control treatment since the 1920s, and there have been no observed negative 
impacts on bees. In the late 1980s and early 1990s, genes coding for the active crys¬ 
talline proteins were inserted into plants, and the first GM-Bt crop plants were grown 
commercially in 1996. Traditional applications of Bt contain whole bacteria and spores, 
and the proteins have to be broken down in the gut of insects to produce an active 
toxin. However, transgenic Bt plants contain genes coding for the active toxin, possibly 
resulting in negative impacts from transgenic lines that are not found with traditional 
Bt applications. Depending on the promoter used and the transformation line, Cry and 
other transgene protein products may be expressed in pollen (Wilkinson et al., 1997) 
of transformed plants. Cotton plants containing the CrylAc gene from Bt (BollGard, 
Monsanto, St. Louis, MO) express the protein in pollen at a concentration of 11.5 ng/g 
fresh weight, whereas concentrations in nectar are below detectable levels of 1.6 ng/g 
(U.S. Environmental Protection Agency, 2001). Expression of CrylAb within pollen has 
been found to vary greatly depending on the promoter gene involved, ranging from 
1.7 to 0.09 pg/g pollen (Sears et al., 2001). Unfortunately, few results are available 
on expression levels of Bt or other transgene products in pollen, making it difficult for 
researchers to design laboratory experiments testing effects of realistic exposure on 
beneficial insects. 

An early experiment of Cry proteins on monarch butterfly larvae indicated that there 
could be some harm to nontarget insects (Losey et al.. 1999), sparking an eruption of 
controversy over the use of Bt crops and a wave of new studies. Prior to the Losey et al. 
(1999) study, the EPA had conducted risk assessment studies of Bt toxins on a wide range 
of insects, birds, and mammals and concluded that they could foresee no substantial risk 
to humans, nontarget organisms, or the environment (U.S. Environmental Protection 
Agency, 2000). Some researchers had concerns before and after publication of the Losey 
study that the laboratory methods used were not adequate for making conclusions 
regarding possible field effects. Yet a public perception developed that monarch butterfly 
populations would be harmed by the use of Bt crops. A substantial body of peer-reviewed 
literature now exists, primarily resulting from collaborative studies between Canadian 
and U.S. scientists, that found that levels of Bt in pollen had negligible impact on mon¬ 
arch butterfly populations (Sears et al., 2001). 

Research on other nontarget insects, particularly honey bees, also has been pursued. 
Malone and Pham-Delegue (2001) summarized findings on effects of Bt on larval and 
adult honey bee food consumption, flight activity, and longevity. They found no evidence 
that any of the purified Bt proteins tested (lepidopteran-active CrylAc, CrylAb, CrylBa, 
and Cry9C and coleopteran-active Cry3A and Cry3B) would have a negative impact on 
honey bees, even at extremely elevated doses (see Malone & Pham-Delegue, 2001, for 
review), although hymenopteran-active strains (Benz & Joeressen, 1994) have not been 
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tested on bees. More recently, Hanley et al. (2003) assessed honey bee larvae fed Cryl Ab 
and CrylF proteins expressed in corn pollen and reached a similar conclusion of no neg¬ 
ative impact. Malone et al. (2004) assessed gland development of newly emerged adult 
honey bees fed CrylBa and found no negative impact, and Liu et al. (2005) tested Cryl Ac 
cotton pollen on adult honey bees and also found no negative impacts. 

Few studies are available on the effects of Bt toxins on any bees other than honey 
bees. However, because of behavioral and morphological variation among bee species, 
data from one species is not necessarily transferable to another. Morandin and Winston 
(2003) tested the effects of Cryl Ac on bumble bee adult survival, weight, and longevity, 
larval survival, and on the foraging ability of adult bees that had fed on the toxin during 
larval development and as adults. We found no difference in survival, weight, longevity, 
or foraging ability of bees fed Cryl Ac and control bees, and commercial use of CrylAc is 
not expected to have a negative impact on bumble bees. 

Based on the number of studies, the range of testing methods, and the range of Bt 
proteins assessed, it can be concluded that Bt proteins expressed in GM crops will likely 
not harm honey bees or bumble bees and that honey bees and bumble bees are not nega¬ 
tively affected by purified Bt proteins at levels approximating concentrations found in 
transgenic pollen or by GM crops expressing proteins derived from Bt. 

Protease Inhibitors 

Currently, GM-Bt crops are the only commercially grown GM insect-resistant crops, 
but many types of transgenic proteins are being developed and tested for insect control. 
Protease inhibitors are a group of insecticidal proteins that can be isolated from plants, 
animals, and microorganisms. Protease inhibitors bind to digestive proteinases, disrupt¬ 
ing protein digestion, resulting in slowed growth and/or insect death. They have activ¬ 
ity against Coleoptera, Lepidoptera, and Orthoptera (Malone et al., 2004), and plants 
expressing protease inhibitors have been shown to protect crops from insect pests (see 
Malone & Pham-Delegue, 2001, and references therein). Protease inhibitors are not as 
specific as Bt toxins, and honey bees, bumble bees, and possibly other bees have diges¬ 
tive serine proteinases in their gut, making them susceptible to these pesticides (Malone 
et al., 2004; Dechaume-Moncharmont et al, 2005). 

Malone and Pham-Delegue (2001) reviewed findings on the effects of various pro¬ 
tease inhibitors on honey bees and bumble bees and found that some show negative 
impact and others show no impact. They concluded that ingestion of high doses of pro¬ 
tease inhibitors by bees may reduce gut protease activities, decreasing longevity. They 
emphasize that a case-by-case approach needs to be applied to each new transgenic 
protein product. Recently, other studies have found differing effects of protease inhibi¬ 
tors on bees. For example, the Kunitz Soybean Trypsin Inhibitor (SBTI), when fed to 
honey bee larvae, caused significant larval mortality, slowed juvenile development, 
and reduced adult body mass (Brodsgaard et al., 2003). The development of honey bee 
hypopharyngeal glands was not affected when honey bee larvae were fed the protease 
inhibitor aprotinin (Malone et al.. 2004), but development was negatively affected and 
larval survival was lower in bees fed SBTI (Sagili et al., 2005). In combination, these 
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studies highlight the need to examine each new protease inhibitor transgene on mul¬ 
tiple measures of bee health. 


Other Insecticidal Proteins 

Many studies on pest-resistant GM plants have examined Bt and protease inhibitors; 
however, other transgenic plants are being tested that express biotin-binding proteins, 
chitinases, gluconases, lectins, and spider venom (Malone & Pham-Delegue, 2001). 
Although initial studies indicate that chitinases and glucanase proteins are unlikely 
to harm honey bees (Picard-Nizou et al., 1997) and that chitinases are not harmful to 
bumble bees (Morandin & Winston, 2003), few doses have been tested. Studies are lack¬ 
ing on effects of other potential transgene proteins. 


Positive Impacts of GM Pest-Resistant Crops 

So far I have focused on potential negative impacts that adoption of GM pest control 
technology could have on bees, but there is also the possibility that this new technol¬ 
ogy could have positive impacts on bees. Reduced use of chemical pesticides is one such 
positive impact. 

Since 1945 synthetic pesticide use has increased tenfold, and currently about 2.5 
million tons of pesticides are applied per year worldwide (Paoletti & Pimentel, 2000). 
Even with ever increasing use of pesticides, it is estimated that 40% of crop yields are 
lost to pests before harvest; yet without pesticides, crop losses could increase another 
30%. The broad-spectrum synthetic pesticides that are most commonly used can be 
toxic to bees, as well as to other wildlife (Johansen & Mayer, 1990), and with growing 
global food demand (Tilman et al., 2001), alternative pest control techniques need to 
be employed in order to minimize environmental impact of agricultural intensification. 
Pollination by honey bees is currently estimated to have a value of $1 billion per year 
in Canada and $15 billion per year in the United States (Alberta Agriculture, Food, and 
Rural Development, 2005). The direct economic losses of honey bee colonies and honey 
production attributable to pesticide use has been estimated to be $40 million/year, but 
the agricultural losses due to reduction in pollination by honey bees may be around 
$4 billion/year (Pimentel et al., 1992). Although difficult to quantify using our present 
knowledge, pesticides are having a serious impact on wild bee populations as well, with 
significant losses to biodiversity and crop yields. 

Bt toxins that are now being used in commercial GM crops are not harmful to bees, 
and therefore use of Bt crops could result in lower use of synthetic pesticides, thus reduc¬ 
ing harm to bee populations. The use of Bt cotton varieties have reduced synthetic pes¬ 
ticide applications by one-third (Oaim, 2003) to one-half (Oaim & De Janvry, 2005) in 
India and Argentina. Because cotton farming is the single largest user of insecticides 
worldwide, widespread adoption of Bt cotton could help reduce global use of synthetic 
pesticides. Another potential benefit of GM insecticidal crops is that the pesticide is pro¬ 
duced by the plant and will not drift to surrounding areas. 
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Indirect Negative Effects of GM Crops 
Transformation Effects 

Introduction of transgenes to plants could result in unintended phenotypic changes that 
cause the GM line to be either less attractive or less nutritious to bees than the equivalent 
non-GM lines. Two types of indirect changes in plant phenotype due to transformation 
are outlined by Malone and Pham-Delegue (2001). First, an insertional mutagenesis 
event could occur during transformation, causing changes such as decreased nectar 
or altered pollen composition. If the change is noted, GM lines could be selected that do 
not have altered traits. Second, pleiotropic effects could occur, in which the transgene 
product interferes with a biochemical pathway in the plant, resulting in a phenotypic 
change. If the change is not noticeable, line selection cannot be used to prevent the phe¬ 
notypic change resulting from transformation. 

Little is known about such subtle alterations, and we lack information for most 
transgenic lines on whether they are different in ways that could have an impact on 
bee populations. One study of honey bees and transgenic oilseed rape showed a differ¬ 
ence in nectar in the transformed line but no difference in bee foraging behavior on 
conventional and genetically modified plants (Picard-Nizou et al„ 1995). Yet, to deter¬ 
mine whether line effects are present, each transformed line, prior to commercializa¬ 
tion, should be analyzed for changes in nectar and pollen composition. If so, Held studies 
of bee activity in GM versus conventional varieties could indicate further whether the 
GM line was in some way negatively affecting bees. Such testing will be most important 
for bee-pollinated crops. 


Agroecosystem Effects 

In 2005, approximately 71% of the global GM acreage was planted with herbicide- 
tolerant crops, with an additional 11% planted with crops having both herbicide- 
tolerance and pest-resistance transgenes (James, 2005). Herbicide-tolerant crops are 
marketed to growers as a technology to reduce weed abundance in fields resulting in 
increased yields. Effective weed control in many conventional, non-GM crops is difficult 
because once the crop has emerged, growers are limited to herbicides that will not dam¬ 
age the crop. Crop varieties that are resistant to herbicides are very attractive to growers 
because they make it possible for them to control weeds even after crop emergence. 

It is not likely that herbicide-tolerant crops will cause direct harm to managed or 
wild bees (Huang et al„ 2004), but within treated areas changes in weed abundance 
and diversity could decrease food resources for wild bees. Most of the concern regard¬ 
ing consequences of GM-herbicide tolerant crops on wild bees stems from evidence sug¬ 
gesting that bees are more abundant and diverse in areas with greater plant diversity 
and abundance, but some recent studies indicate that changes in agricultural practices 
associated with GM herbicide-tolerant crops do indeed have significant negative impacts 
on bee populations through such ecosystem-level effects. Farm-scale evaluations (FSE) 
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were conducted over a 3-year period in the United Kingdom for the purpose of evaluat¬ 
ing effects to wildlife resulting from the way GM herbicide-tolerant crops are managed 
in comparison with conventional, non-GM varieties (Squire et al., 2003). Weed biomass 
was lower in GM herbicide-tolerant beet and rape (Hawes et ah, 2003), and bee densities 
were lower in these GM herbicide-tolerant crops than in conventional fields (Haughton 
et al, 2003). Lower bee abundance in the GM herbicide-tolerant fields does not necessar¬ 
ily mean smaller populations in the region but could reflect foraging choices that bees 
are making (Hawes et al, 2003). 

Smaller bee populations in GM herbicide-tolerant crops could result not only in 
long-term aggravation of current declines of wild bee populations in agroecosystems 
but also in poorer crop yields and economic returns. Crops such as canola (Brassica 
spp.) that benefit from bee pollination have lower bee populations and poorer seed set 
in GM herbicide-tolerant fields when compared to conventional and organic variet¬ 
ies (Morandin & Winston, 2005; figure 12.1). Morandin and Winston (2005) found 
that mean percent seed set in GM herbicide-tolerant fields was only 78% of the total 
potential seed set, a loss of about six seeds per pod due to lack of pollen transfer, 
whereas organic fields had seed set rates of 99%. Correspondingly, bee abundances 



Figure 12.1 A possible indirect agroecosystem effect of genetically modified 
herbicide-tolerant canola on bees and crop pollination. Pollination deficit is a 
measure of the difference between actual seed set and potential seed set with full 
pollination. Note that there are fewer bees in the genetically modified fields, corre¬ 
sponding to lower actual seed set (from Morandin & Winston, 2005). 
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were approximately three times higher in organic fields than in GM herbicide-tolerant 
canola fields. Conventional fields had bee numbers and seed set that were intermediate 
to organic and GM herbicide-tolerant canola fields. Organic fields differ from conven¬ 
tional and GM herbicide-tolerant fields in many respects including field size, pesticide 
use, and species of canola. However, conventional fields were of similar size to GM 
herbicide-tolerant fields, had the same species of canola, and were farmed in a simi¬ 
lar manner. Because of this and a positive correlation between weed cover and bee 
abundance, we hypothesized that the pattern of increasing bee abundance from GM 
herbicide-tolerant to conventional to organic fields was at least partially a result of 
increasing weed cover. Further interpretation of these data has indicated that both 
surrounding land and weed cover play a role in determining bee abundance in fields 
(Morandin & Winston, unpublished data). 

Although some evidence suggests that GM herbicide-tolerant crops are associated 
with lower wild bee populations and poorer relative seed set, strategies to manage this 
potential economic and environmental problem are possible. Fewer weeds in fields are 
one of the potential benefits of GM herbicide-tolerant crop varieties because lower weed 
abundance in fields increases crop yield (Howatt, 2006). However, if extremely low weed 
cover causes low bee abundance in fields, bee-pollinated GM herbicide-tolerant crops 
may not result in any yield benefit over more “weedy” cropping methods. Rather than 
adopting methods that are more likely to result in higher densities of weeds in fields, a 
strategy that is unlikely to be popular with many growers, it may be possible for larger 
bee abundances to be encouraged in low-weed fields through management of surround¬ 
ing land. 

Morandin and Winston (2006), using data collected over a 2-year period in conven¬ 
tional and GM herbicide-tolerant canola fields, suggested that wild bee populations could 
be increased by leaving some land around fields uncultivated. We developed a model 
of canola profit in a 576 ha area, based on the percentage of land devoted to canola 
and uncultivated land. The model simulated profit along a continuum, from canola 
fields covering the entire area to all 576 ha being uncultivated land. Profit from canola 
increased when the percentage of uncultivated land was increased from 0 to 30%. When 
all of the area was devoted to canola and no area left uncultivated, bee abundance was 
low in the model, resulting in relatively low seed set. As uncultivated land increased 
from 0 to 30%, bee abundance increased, resulting in increasing seed set, yield, and 
profit. As uncultivated land was increased above 30%, profit from canola began to 
decrease because benefits from greater pollination were outweighed by loss of cultivated 
land. Therefore, we found an uncultivated land economic optimum of 30% in our study 
area. The model simulated a closed system that was either canola or uncultivated land 
and did not extend to multiyear situations or profit if other crops were present. Despite 
these constraints, the model reveals that some natural land in agroecosystems could 
make economic sense, as well as aiding biodiversity. The model has been adapted by 
M. Wonneck (Prairie Farm Rehabilitation Administration, Agriculture and Agri-food 
Canada) to incorporate a 4-year crop rotation with 3 years of nonpollinator-dependent 
crops (Wonneck, personal communication, February 2007). He found that landscape 
profit was maximized when 15% of the land was uncultivated. 
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Altering weed abundance in and around fields likely has varyingeffects on different 
wild bee species. Although currently we have no data on different species of wild bees 
and indirect agroecosystem effects of GM herbicide-tolerant crops, some speculation 
is possible. Larger bees, such as bumble bees, tend to forage greater distances than 
other bees and are able to forage on a wide range of flower types. Therefore, reduction 
of long-term forage in GM herbicide-tolerant fields may not affect bumble bee popula¬ 
tions as much as those of smaller bees that are unable to forage longer distances to 
find food. 

Maintenance or restoration of natural land in agricultural landscapes preserves 
wild bee populations and pollination; however, in many cases, it may not be practical or 
achievable. Despite knowledge and government support of natural areas in agroecosys¬ 
tems, the introduction and maintenance of natural land has not been widely embraced 
by landowners in the United States (Lovell & Sullivan, 2006). Local high-intensity 
management, characteristic of GM herbicide-tolerant agriculture, could, however, be 
compensated for by having structurally “complex” landscapes, incorporating mosaics 
of agricultural types (Tscharntke et al., 2005). We assessed abundance and diversity of 
wild bees in GM herbicide-tolerant canola fields within structurally complex landscapes, 
composed of pastureland and tilled crops, and within “simple" landscapes, composed of 
primarily tilled crops (Morandin et al., 2007). Wild bee abundance was greater, and we 
found a trend toward greater bee diversity in fields within complex landscapes than in 
simple landscapes. Thus bee conservation can be achieved in the face of locally intense 
agriculture if landscapes are complex. 


Indirect Effects That Are Beneficial 

Many wild bees nest in the ground, and tilling of fields could disrupt these nest sites. 
Tillage of annual crops often is done either in the fall after the crop has been harvested 
or in the spring before the new crop is seeded. The purpose is to loosen the soil in order 
to make planting easier and to disrupt weed growth. Growers can spray broad-spectrum 
herbicides after crop emergence with GM herbicide-tolerant crops such as canola so they 
do not need tillage to control weeds. Potentially this could result in more nesting habitat 
in fields and field margins. No studies have reported the effects of reduced tillage on wild 
bee populations, but in one year of our studies, four untilled fields with GM herbicide- 
tolerant canola did not have greater bee abundance than the tilled GM herbicide- 
tolerant fields. In addition, many growers are not yet taking advantage of the no-till 
system in GM herbicide-tolerant fields because direct seeding of a field that has not been 
tilled requires larger, more expensive machinery than regular seeding. 


Risk Assessment of GM Crops to Bees 


It is essential that all new genetically modified crop lines be tested for safety to bees, prior 
to commercial use. But it is important that the risks of GM crops be assessed relative 
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to feasible alternatives. For example, a transgenic pesticidal protein that proves to be 
harmful to bees could be less harmful than an alternative synthetic pesticide that is 
being used on the non-GM crop. In addition, agroecosystem-level impacts of GM crops 
should be compared with effects that other agroecosystems (conventional and organic) 
have on bees (e.g., FSE; Champion et al„ 2003; Morandin & Winston, 2005). 

New lines that incorporate transgenes that are likely to be safe to bees or that have 
been tested and deemed safe should be checked for line effects such as pollen or nec¬ 
tar alteration (Pierre et al.. 2003; figure 12.2). If no line effects are evident, then we 
should question whether ecosystem-level impacts from farming practices associated 
with the GM crop could negatively affect bee communities or pollination. Generally, 
large-scale field studies need to be performed in order to accurately measure ecosys¬ 
tem-level impacts on bee communities. If no negative effects are found in any of these 
steps, then there likely will not be impacts on bee communities greater than what can be 
expected with disruption from conventional agriculture. If the transgene causes lethal 
or sublethal impacts on bees in laboratory or field experiments, steps should be taken 
to minimize these impacts, such as developing lines that have lower or no transgene 
expression in pollen or using alternative transgenes that do not cause toxic effects. If 
agroecosystem effects are found, such as the lower bee abundance and pollination in 
some GM herbicide-tolerant crops, management of surrounding habitat could help in 
maintaining bee abundance and diversity. 



Figure 12.2 Risk assessment flow diagram for commercial production of 
genetically modified crops. 
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Conclusion 

The world is demanding increased food production, and the agricultural industry is 
attempting to increase yields by crop improvement with genetic modification. GM crop 
use has increased each year since the mid-1990s, and agricultural forecasters do not 
expect this trend to subside for many more years. Current GM insect-resistant crops 
are less toxic to wildlife than many conventional pesticides and, in some cases, reduce 
pesticide use, potentially leading to healthier bee populations and better pollination. 
But these benefits are dependent on the transgene product being relatively nontoxic to 
bees or not expressed in pollen. If future commercialized products are toxic to bees, then 
their benefit will be dependent on their relative impact with respect to alternative syn¬ 
thetic pesticides. GM herbicide-tolerant crops are less likely to have direct impacts on 
bees but could negatively affect bee populations and crop pollination indirectly. GM her¬ 
bicide-tolerant crops are marketed to growers for the purpose of increasing yield output 
through weed control, yet such weed control may negatively affect wild bee populations, 
and if the crops need to be insect pollinated, lower seed set could negate benefits of the 
herbicide-tolerant technology. If research can identify some of these potential problems 
and solutions, agriculturalists could take appropriate agroecosystem-level manage¬ 
ment actions, resulting in gains to both yield and biodiversity. 
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The Future of Agricultural Pollination 

Rosalind R. James and Theresa L. Pitts-Singer 


We hope that we have demonstrated to you the many ways that bees affect agriculture. 
Most notable, of course, is pollination. Worldwide, approximately 20% of all food-crop 
production and about 15% of seed crops require the help of pollinators for full pollina¬ 
tion (Klein et al„ 2007). These food crops include delicious products such as many of 
our tree fruits (e.g., apples, cherries, mangos, and avocados) and nuts (e.g., almonds, 
peanuts, macadamia nuts, and Brazil nuts), plus squashes, cucumbers, melons, citrus, 
and berries. In addition, many of our oil seed crops benefit from bee pollination, such as 
canola, safflower, coconut, and so forth. 

The honey bee, Apis mellifera, is the most commonly used agricultural pollinator in 
North America and Europe and in many other parts of the world, as well. Farmers in the 
United States rent more than 2 million honey bee colonies every year for pollination, but 
the honey bee is increasingly being threatened by a myriad of problems. Varroa mites, 
pesticide resistance in these mites, viral diseases transmitted by varroa mites, antibi¬ 
otic resistance in American foulbrood, tracheal mites, and small hive beetles are critical 
problems in honey beekeeping that have accumulated to a point at which it is not as 
economical to manage this bee as it once was. For example, the demand for honey bees 
in California almond orchards is rapidly increasing due to increasing acreage, but this 
is occurring during a time when honey bee colonies are not easy to produce, and, as a 
result, the cost of renting bees is up from US$50 per hive in 2003 to US$140 per hive in 
2006 (Sumner & Boriss, 2006). That is a nearly threefold price increase in 4 years for a 
crop that requires five to seven hives per hectare. 

In addition, not all crops are well pollinated by honey bees. For example, tomatoes 
require buzz pollination, which honey bees cannot achieve; alfalfa flowers are not prop¬ 
erly worked by honey bees, and honey bees do not work well in greenhouses and under 
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row covers. Fortunately, honey bees are not the only bees that make good pollinators. 
Approximately 16,000 species of bees are known in the world (Michener, 2000); only 
a few species, however, are managed or “kept” specifically as crop pollinators. These 
include some bumble bees (Bombus terrestris and B. impatiens), the alfalfa leafcutting bee 
(Megachile rotundata), a few species of mason bees (Osmia spp.), and the alkali bee (Nomia 
melanderi ). The potential exists to manage many more species of bees and to broaden the 
use of those that are already being used. However, the management of non-Apis pollina¬ 
tors poses its own set of problems. Nesting materials, shelters, and rearing techniques 
have been well developed for the alfalfa leafcutting bee and are commercially available, 
but methods for propagating other important pollinators, such as blue orchard bees and 
bumble bees, are less well developed. Furthermore, these bees have their own set of dis¬ 
ease and parasite problems that need to be addressed. 

Amazingly, the huge diversity of wild bees essentially has been unexplored, particu¬ 
larly with regard to the plants that they visit and crops that they could pollinate. The 
identification and classification of many important pollinator groups is inadequate, 
with many species still undescribed, and the relationships between species and between 
groups of species remains unresolved. In addition, we lack an understanding of native 
bee biology and of the natural enemy and pathogen complexes of these bees. Some of 
our native bees are threatened by a shrinking natural habitat, and a lack of information 
about their biology, bionomics, and natural population regulation inhibits our ability to 
rely on their populations for pollination. More information is needed to help protect the 
native bees and to open up the potential for the domestication of some of them before this 
treasure of diversity is lost forever. 

The year 2006 was an important year for bee research worldwide. The complete 
genome of the honey bee was sequenced and reported in Nature (Honey bee Genome 
Sequencing Consortium, 2006), and the genomes of two major honey bee pathogens 
were sequenced, Ascosphaera apis and Paenibacillus larvae (Qin et ak, 2006). At about 
the same time, a new phylogenetic analysis that included gene sequence data was used 
to reevaluate our previous conceptions of the evolution of bees (Danforth et al., 2006). 
Earlier in the year, a Science report documented what appears to be a major decline in 
bees in England and the Netherlands, possibly a 30% loss in species richness since 1980, 
especially among specialist bees, and a corollary decline in wild plant species that require 
insect pollination (Biesmeijer et ak, 2006). The U.S. National Academy of Sciences (NAS) 
also assembled a committee to review the status of pollinators in North America, and 
this committee completed their report in 2006. Of course, this is only a fraction of the 
bee research activities reported in 2006; however, to have so many reports on bees in 
key scientific journals that cater to a broad audience is not common in our field. It high¬ 
lights the fact that bees, and especially bees as pollinators, are now well recognized as 
being very important for both wild ecosystems and agricultural systems, and the public 
is generating a growing concern that we may lose this valuable resource. 

The NAS report, Status of Pollinators in North America (National Research Council, 
2007), highlights areas of concern that directly relate to providing adequate pollinators 
for agriculture and the environment, including the need to: (1) better enforce regula¬ 
tions designed to limit the accidental introduction of honey bee pests and pathogens and 
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increase research on innovative ways to control honey bee pests; (2) expand research 
efforts to improve our ability to identify the great diversity of bee species that occupy 
our farmlands and wildlands so that we can further study their abundance and natural 
history; (3) take measures to prevent the spread of pathogens from managed to wild 
bee populations; (4) establish discovery surveys for pollinators of rare and endangered 
plants and document long-term population trends in wild bees; (5) identify the effects of 
habitat loss and fragmentation on bee populations; and (6) expand economic incentives 
for pollinator conservation while enhancing pollinator awareness through public edu¬ 
cation and professional societies. 

Many of the recommendations in the NAS report focused on wild pollinators. Besides 
providing an ecosystem function, wild pollinators directly provide pollination services 
to agriculture, as discussed in several chapters in this book; they are also a source of 
potential new pollinators for the future. Agriculture is destined to change over time, 
and so will its pollination needs. In these ways, conservation of wild pollinators and 
agriculture cross paths. Another way that these paths intersect is that, when wild bees 
are adequate to meet the pollination needs of agriculturalists, we eliminate some of the 
social and economic pressures to introduce bees from foreign regions. Bringing new bee 
species into an area increases risks of accidentally introducing new bee diseases and 
parasites or of accidentally releasing bees that may competitively displace native bees or 
further compound honey bee pest management. 

Before World War II, the manner of public discussions about farming and agricul¬ 
ture was often from the point of view of “agrarianism,” but since that time, our view of 
agriculture has changed. Advocates of agrarianism viewed farming as a way of life that 
was “rewarding, a public good, and a source of moral virtue, [while] current writers on 
farmland preservation speak of farming almost entirely in utilitarian terms, describ¬ 
ing its productive capacity and its economic returns” (Mariola, 2005). Mariola (2005) 
goes on to explain that proponents who use this “economic utilitarianism” argument 
for farmland preservation evaluate land use decisions based mainly on food production 
potential and economic criteria and, despite their good intentions, disregard the agrar¬ 
ian ethic, or social value, associated with farming. Wildlife conservation efforts some¬ 
times utilize a similar economically oriented philosophy. To gain the attention of the 
general public and business corporations, conservationists' arguments are often made 
in the context of the economic value of wildlife to society. Mariola’s (2005) argument 
for a return to agrarianism as a basis for farm preservation is reminiscent of the wildlife 
conservation ideal proposed by Aldo Leopold as far back as 1949, in what he called the 
land ethic: “A land ethic then, reflects the existence of an ecological conscience, and this 
in turn reflects a conviction of individual responsibility for the health of the land. Health 
is the capacity of the land for self-renewal. Conservation is our effort to understand and 
preserve this capacity” (Leopold 1948, p. 221). 

Our need to preserve pollinators easily goes across the boundaries between agrarian¬ 
ism and a land ethic, despite the fact that the values and goals of farmers and wildlife 
conservationists are not always in synchrony with each other. For example, many spe¬ 
cies of bees are rare or specialists and have no known utilitarian value to agriculture. 
Conservation efforts generally target the preservation of rare or endangered species, and 
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successful conservation often calls for the sacrifice of some human activity, and these 
activities can include agricultural practices such as pesticide use, tillage, or other land 
uses. Thus, if we only take economics into consideration, we will find ourselves in a 
position in which we sometimes must weigh the economic value of a rare or specialist 
bee against the economic gains of an agricultural practice that would be interrupted 
in order to preserve that bee. This approach to conservation ignores the value of bees 
to human society as a whole. It is true that bees produce a direct benefit to humans by 
pollinating agricultural crops and gardens, but they are also important for maintain¬ 
ing a balanced ecosystem, on which we are dependent and from which we can learn 
social values. These small, unobtrusive creatures are symbolic of our interconnection 
with nature and highlight the ethical responsibility we have toward maintaining the 
integrity of the natural world. 
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Anthophora plamipes. See bee species 
antipest plastic. See greenhouse 
Apiaceae, 50t 
Apicystis bombi, 127t 
Apis species. See bee species, honey 
Apoidea/Apiformes, 5,145, 204 
apple. See pollination of 
Ascosphaera species 
aggregata, 116,126t, 129-130, 133 
apis. 125-126t, 133, 220 
genome, 220 


proliperda, 129-130 
torchioi. 126t 
Aspergillus flavus. 126t 
Asteraceae, 50t, 68 
Astragalusfilipes, 50t, 52, 53f, 55. 58 

Bacillus species 
subtilis, 68, 73, 75 

thuringiensis, 68-69, 71, 74-75, 206-208 
bacteria ( see also Bacillus species) 
and biocontrol. 65, 68, 207 
as pathogens of bees, 125, 126t, 128,131 
Baker's Law, 168 

Balsamorhiza sagittata, 50t, 53f, 60 
banded sunflower moth, 67-68 
Banksia ornata, 148,150 
bat, 11, 150 
Beauveria bassiana 

biocontrol of tarnished plant hugs, 69f, 70f, 
69-71, 75 

/ormulation for pollinator biocontrol vector 
technology. 72 

pathogenicity to bees, 71-72, 127 


223 
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behavior, BO, BB, 178 
aggressive, 6, 156 
cooperative, 6 

foraging, 5, 7,12. 18-19, 30, 36.148-149. 

151, 158, 187-188, 204-205 
in greenhouse, 30-35 
hive, 6, 128 
hygienic, 128 
-al interactions. 12,18,156 
pollinator, 5, 11-14, 18. 35, 60, 152, 
166,176, 178 

learning, 31,151,205-206 
nectar-robbing, 152 
nesting, 87-88, 114t, 156 
and pathogenicity, 128, 132f, 132 
pollen-removing, 13 
recruitment, 14, 35 
sexual, 87 
species-specific,13 
board, 8,110-112 

cavity-nesting, 6, 8, 21, 57-58, 60-61, 156 
conservation, 213, 220-222 
definition of, 4-5 
density 

in canola, 186-188 
and plant interactions, 167, 173-174, 
190, 197-198 
sampling, 115 
stocking, 60 

diseases, 124-137 (see also disease, of bees) 
diversity, 5, 204, 213 
agricultural impacts, 15-21, 209, 
212-213 

declines, 220-221 
genetic, 128 

impact on pollination service, 18 
economic value of, 14-15, 21, 145, 146t, 
204,209,219, 222 
ecophysiology, 83-98 
evolution. 4-5, 118-119, 220 
foraging range, 15-16, 18, 20. 114t, 175, 
187, 204 

ground-nesting, 8, 20, 56-59, 61, 83, 
107-110, 213 


management for pollination, 7-8, 19-21, 
83-85, 94-96, 107-110, 113-117 
as a pollinator. 7, 174-176,186-193 
preferences 

flower, 5. 54-56, 151, 155, 174 
forage, 114t 
color, 151 

sociality, 6, 14. 118, 128, 204 
solitary 6,107 

and wildland seed propagation, 48-62 
bee species 

alfalfa gray-haired, 21,83 
alfalfa leafcutting 
vs. alkali. 114t 

chalkbrood, 116 (see also Ascosphaera) 
lifecycle, 96-98,108,110-113 
management of, 110-119, 114t 
management problems, 115-117 
management using loose cells, 111-113 
multivoltinism in, 111,116 
nest structure, 108f. 110-111 
parasite and predator control, 112, 114t, 
116 

release rates, 115,117 
“second generation,” 116 
sex ratio. 111 
and wildland seed, 56, 61 
alkali 

vs. alfalfa leafcutting, 114t 
artificial nesting bed 

construction, 109-110 
crop pollination, 56,115 
decline in use, 113-115, 117 
disease, 125 

economic considerations, 117-118 
impact of pesticide on, 117 
introduction to New Zealand, 156 
life cycle, 107-109 
mortality, 115 
native habitat, 107 
nest aggregations, 6 
nesting habits, 107-108, 114t 
nest structure, 108t, 107-108 
population, 113, 115 
and wildland seed, 57,61 
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Anthophora plumipes, 157-158 
Apis mellifera. See bee species, honey 
blue orchard, 20-21. 55, 57, 61, 85-97, 

118,126t 
bumble 

and biological control of pests, 65-75, 

73f, 

Bombus ephippiatus, 154 

Bombus hortorum, 153 

Bombus ignitus, 34-35 

Bombus impatiens, 34-35,134, 153-154 

Bombus Iucorum, 34 

Bombus occidentalis, 34-35,149, 151 

Bombus ruderatus, 150-151,153 

Bombus subterraneus, 153 

Bombus terrestris 

effect on other pollinators, 151-153 
and flower damage, 152 
range, 151 

terrestris canariensis, 152 
terrestris sassaricus, 152 
terrestris terrestris, 152 
Bombus wilmattae, 154 
colony size, 34 

diseases. 34, 126-127t. 128, 134 
drones, 41 
economics, 34, 159 
flight speed, 186-187, 196 
floral attraction, 28-30 
life history, 6, 34-35 
management, 8, 34-35, 220 
andNosema, 151 

restriction on use, 33-34, 134, 154-155, 
157, 159 

and wildland seed, 55-57,61 
carpenter, 6, 8 

Centaurea leafcutting, 155-156,171, 174 
Eufriesea nigrohirta, 149 
Habropodn laboriosa. See bee species, 
southeastern blueberry 
honey, 146 
Africanized, 19, 147 
and biological control of pests, 65-75 
as pollinators, 10-12 


genome, 220 
sociality, 6 
subspecies, 146-147 
horn-faced, 39, 55. 85-89. 92. 94, 96-98. 
156 

mason, 6. 8. 84, 220 (see also bee species, 
Osmia ) 

Megachile 

apicalis. See bee species, Centaurea 
leafcutting 
centrus, 129 

rotundata. See bee species, alfalfa 
leafcutting 

Osmia 
aglaia, 85 
attriventris, 85 
bruneri, 57-58 
caerulescens, 85 
californica, 60 

cornifrons. See bee species, horn-faced 
cornuta, 85-86, 88-91, 93-96 
excavata, 8 5 

lignaria. See bee species, blue orchard 
montana, 60 
ribifloris, 85 
rufa, 85 

sanrafaelae, 57, 85 
subgenus, 85 

Peponapis pruinosa. See bee species, 
squash 

Pyrobombus, 154 

Rhophitoides canus. See bee species, alfalfa 
gray-haired 

southeastern blueberry, 57 
squash, 57, 174 
stingless, 5, 17 

Trigona carbonaria, 16 
sweat 6, 8 
Xenoglossa, 174 
beekeeping 

migratory, 54, 134 
losses, 54,124,158,219 
Bettsia alvei, 129 

binab, 74 (see also Trichoderma spp.) 
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biocontrol vector technology. See pollinator 
biocontrol vector technology 
Bt. See Bacillus species, thuringiensis 
bivoltinism, 85, 97 
blueberry, 11-12, 57, 68, 89 
mummy berry disease, 68 
blue orchard bee. See bee species 
botanigard. See Beauveria bassiana 
Botrytis cinerea. See gray mold 
Brachyloma ericoides, 148 
Brassica napus. See canola 
bumble bee. See bee species, bumble 

cabbage seed weevil. 68 
Callistemon rugulosus, 148, 150 
canola, 68, 75 (see also pollination of) 
carbon dioxide (C0 2 ), 32, 125 
carpenter bee. See bee species, carpenter 
cell provisions, 7, 56. 59, 61, 86, 88, 96,108f, 
108-109, 111, 116. 130, 135, 136f, 
185, 204-206 
Centaurea. See star-thistle 
Chalicodoma, 152 

chalkbrood, 114t, 116, 125, 126t, 127, 
129-133, 135-136,136f 
cheatgrass, 48 
checkered flower beetle, 116 
Ceutorhynchus assimilis. See cabbage seed 
weevils 

Cleomaceae, 50t, 51 
Cleome 54, 56 
lutea, 50t, 53f 
serrulata, 50t, 53f 
Clonostachys rosea, 67-68, 71, 75 
clover, 17, 56. 68, 73, 106, 153, 196 (see also 
Dalea, Trifolium) 

Clusia arrudae, 149 

Cochylis hospes. See banded sunflower moth 
coevolution of bees and flowering plants, 5 
Colony Collapse Disorder (CCD), 3, 124, 133 
competitive exclusion, 149 
conservation 

bee. 203,213.222 
biological diversity, 205 


habitat, 21 
managers, 168. 176 
plant, 167, 176, 178 
pollinator, 11, 52, 167, 178. 221 
wildflower, 51-52 
wildlife, 221 

conservationist, 33,42,221 
Correa reflexa, 148,150 
Crepsis acuminata, 50t, 52 
Crit hidia 
bombi, 127t 
melliflcae, 127t 

cucumber, 28t, 28, 29t, 36, 37t, 68, 219 (see 
also pollination of) 

Cucurbita, 37t, 40, 57, 174 
Cucurbitaceae, 28 

Dalea, 50t, 53f, 56, 60-61 
ornatum, 50t 
purpurea, 53f, 56, 60-61 
searlsiae, 50t 
death camus, 5 

developmental biology, 84, 86, 94 
diapause, 89-95, 97-98, 111 
summer, 94 
winter. 93,95.97-98 
Didymella bryoniae, 68 
disease, ofbees 124-137 
and behavioral fever, 128 
chalkbrood 116, 125, 126t, 129-130, 132- 
133, 135-136 (see also chalkbrood) 
controlof, 111, 114t, 115,125, 127, 
129-137, 132f, 154, 157 
flagellate, 127t 
gregarine, 127t 
life cycle of, 131-133,137 
management of, 129,137 
Nosemn, 154 
apis, 126t 

bombi, 34, 126t, 134, 151 
infection, 130,133-134,154-155 
pathogenic organisms, 126-127t, 128 
as an epizootic element, 131-132, 132f 
stone brood, 126t 
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Streptococcus pluton, 126t 
survival of, 127,131 
triangle, 131-133, 132f 
vectors, 118, 133 

virulence of pathogens, 127-128, 131 
dispersal 
bee, 19, 94, 117 
exotic plants, 172 
gene, 194 
pollen, 148 
spore, 135 

displacement, 150, 152-153, 156,159 
dysentery, 126t 

early-flying bee populations, 86. 88, 90-91, 
93f, 95, 98 

economic utilitarianism, 221 
economic value of pollination, 14-15, 21 
egg, development, 5, 86, 88, 92, 97-98, 

111 

eggplant, 28t, 28, 32, 36, 37t 
emergence 

period. 34, 86f, 86-87, 91. 82,115-116 
second generation, 116 
timing (synchrony), 8. 57, 84, 89, 93-98, 
111-114, 114t 
tray, 112 

endangered plants, 52, 221 
environmental impact, of exotic 
bees, 145-159 
Epacris impressa, 151 
epizootic, 124,128-132 
Eriogonurn umbel latum, 50t, 53f 
Erwinia amylovora. See fire blight 
Euglossini, 7, 149 
eusociality, 6, 118 

extra-early horticulture, 27, 29t, 37t, 42 

Fabaceae, 50t, 68, 105, 152-153, 172 

fat body depletion, 91-95 

fire 

suppression, 48 
wildfire, 48-49 
fire blight, 68 


flagellate disease. See disease, of bees 
floral host, 54,60.174 
of alkali bee, 56 
populations, 60 
preferences, 38, 55 
flower constancy, 13,35-36 
formaldehyde, 135 
para- 136 
foulbrood, 124 

American, 126t, 133-136, 219 
European, 126t 
fungi 

associated with bee nests, 116, 125, 128, 
136f (see also Ascosphaera) 
and biocontrol, 65, 67-73 
as pathogens of bees, 126t, 128, 

134-136 (sec also diseases, 
of bees) 

Frankllniella occidentalis. See thrips 
fruit set, 12-13, 16-17, 36, 39-40. 52, 148, 
171 

gene flow, 184-199 
genetic diversity, 51, 128 
genetically modified (GM) crops 
definition and history, 203-204 
environmental impacts, 209 
gene flow, 193-198 
impacts on bees, 203-215 
public response, 184-185, 207 
regulation by government, 

205-206 

gray mold, 67-68, 71, 74 

Great Basin. 48-52.56,60-61,106 

green bean, 28t, 28 

greenhouse 

antipest plastic, 31f 
biological control in, 69-71, 70f 
crop, 27-28, 69, 71, 74-75, 85, 151-152. 
154 

cultivation acreage, 27 
pollination in, 28-41 
whitefly. See whitefly 
green peach aphid, 71 
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gregarine disease. See disease 
habitat 

fragmentation and bees, 16f. 16-21 
loss, 52, 221 

Halictidae, 156 ( see also bee species, alkali 
bee and sweat bee) 

Halictinae, 6 
haplodiploidy, 5 

Hedysarum boreale, 50t, 50, 52, 53f, 55, 58 
Hellcosmla, 85-86 
Hellothis nuclear polyhedrosis virus 
(NPHV), 68, 72-75 

hive rental, 21. 51, 54-55,118, 147-148, 
219 

honey bees. See bee species, honey 
Hoplitis, 57, 61 

horn-faced bee. See bee species, horn-faced 
host 

acceptance, 116 
of biocontrol agents, 72, 74, 159 
for pathogen, 126-127t, 127, 131, 132f 
plants. 38,93,156,174 
response, 127 
specialization, 174 
susceptibility, 132f, 132 
hybridization, 51, 185 

immune response, 128-129 
Impatlens capensis, 149 
importation regulations, 154, 157-158, 166, 
205, 220 

incubation, 57, 86f, 86-87, 91. 93, 95-98, 
111-112, 114t, 116, 135 

infection 

bacterial, 131 
co-, 129 

chalkbrood. See disease, of bees 
dis-, 136 

from bee-vectored agents, 70f, 71 
initiation, 131 
Nosema. See disease, of bees 
sensitivity, 127-129 
sublethal, 131, 134 


suppression of, 68 

integrated pest management (IPM), 30, 

41-42. 137 

Intermountain Region, U.S., 49f, 50, 50t 
Invasive Alien Species Act, 157 
invasive 
grass, 48 

mutualism, 152, 156, 158-159, 166 
plant, 166f, 166-178 
weeds, 48, 169f, 169-172 

killer yeast, 68 

larval development, of bees, 86f. 88, 208 
larval mortality, of bees, 116, 208 
late-flying populations of bees, 86-88, 90-91, 
93f, 94, 98 

Lomatlum 

dissectum, 50t, 53f, 56 
t riternatum, 50t 

loose cell bee management system, alfalfa 
leafcutting bees. 111, 113, 114t, 

116,136 

Lu pirns 

argenteus, 50t 
s ericeus, 50t, 58 

Lygus lineolaris. See tarnished plant bug 

Malvaceae, 50t 
Masaridae, 54 
Medicago sativa. See alfalfa 
Megachile rotundata. See bee species, alfalfa 
leafcutting 

Megachilidae, 152,155 (see also bee species. 
Megachile and Osmia) 

Meligethes aeneus. See pollen beetle 
Meliphagidae, 150 

melon, 28t, 28, 29t, 32, 37t, 85, 114t, 118, 
219 ( see also pollination of) 
Metarhizium anisopliae, 125 
for biocontrol of cabbage weevils, 68, 75 
for biocontrol of pollen beetles, 68, 75 
pathogenicity to bees, 72 
methyl bromide, 135 
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Metschnikoviafructicola. See killer yeast 
microbial control, 66, 74-75, 127 
microbial survey, 125 
microsporidia, 126t, 128, 134 
Monlllnla vacclnlt-corymbosi. See blueberry, 
mummy berry disease 
Monoicaapis, 127t 
Myzus perslcae. See green peach aphid 

native plant communities 
rehabilitation of, 48-52, 61 
nectar 

attraction to, 7, 13, 33, 40, 54 
composition, 7, 28-29, 29t, 38, 40, 206-207 
guides, 29-30 

quantities produced, 173,196,198 
robbery, 11, 151-152 
nectarivorous 
bat, 150 
bird, 150 
insect, 54 
nest 

aggregation, 6, 87 
building 

alfalfa leafcutting bee, 108f, 111, 117 
alkali bee, 107-109, 108f 
cell construction, 108, 110 
provisioning of, 56, 59, 61, 108 
removal from boards, 135 
sites, 6, 8,16f, 16, 20-21, 58-59, 150. 156, 
175,213 

of alkali bees. 56-57, 107-110, 108f, 
113-115, 117-118, 156-157 
ofmasonbees, 20,83,87-88 
Nomia melanderl. See bee species, alkali 
Nosema. See disease, of bees 
nuclear polyhedrosis virus. See Heliothis 
nuclear polyhedrosis virus 
nut production, 118 

oligolecty, 5 

oligolege, 155-156,174 
orchard (see also pollination of) 
bloom period, 87,94,98 


yields, 98 
organic farming 

vs. conventional, 20-21 

and genetically modified crops, 211-212 

Paenibacillus larvae, 126t, 134,136, 220 
paraformaldehyde. See formaldehyde 
parasite 

control, 114t (see also disease, of bees) 
ecto, 155 
floral, 148, 152 

insect, 14, 20, 35, 59, 114-115, 154, 157. 
220-221 

myco, 68 (see also Trichoderma) 
parthenocarpy, 36, 37t, 41 
pathogens. See disease, of bees 
pear. 68 ( see also pollination of) 

Penstemon speciosus, 50t, 53f, 54-55 
pepper. 28t, 28, 29t, 38-39, 69-70, 70f, 71, 
75 (see also pollination of) 
pest control, 3-4. 16f, 30, 41. 65-75, 125, 
127, 137, 209. (see also Integrated 
Pest Management) 

pesticide/insecticide, 8, 16, 27, 35, 41, 75, 
83, 113, 115, 117, 124, 204-206, 
208-209, 212, 214-215, 219, 222 
(see also safety) 
dispersed by bees, 67 
and pollinators, 12, 115, 117 
phenology 

developmental, 90, 93 
flowering, 20, 57, 96,167f. 173 
ofOsmia, 57, 86f, 86, 94, 98 
of pollinators, 84, 167 
Phylidonyris novaehollandiae, 150 
Plantaginaceae, 50t 
plant-pollinator driven meltdown, 174 
plant-pollinator interaction, 4, 30, 148, 
166-178, 186-188, 195-196, 199, 
205 

pollen 

composition, 7, 210 
odor, 38 
pollen ball. 116 
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pollen beetle, 68 
pollen wasp, 54 
pollination 

buzz, 34,38,219 

cross-, 7, 38, 53f, 184-185, 190, 193-195. 

197-198 
ecology, 51 

efficacy, 7,56.110,196 
generalists, 18-19, 59, 147, 171. 175 
rate, 12, 155 

self-. 11. 13, 36. 38-39, 189-192, 196, 198 
in crops, 189-190 
and pollinators, 13 
and weediness, 168,170 
specialists, 54, 57. 59. 105, 174, 

220-222 
pollination by 

birds, 148, 150-151 
honeybees, 10 
managed bees, 8,10, 220 
multiple pollinators, 12-13, 167, 178 
wild bees, 8-9, 10-21 
pollination of 

alfalfa, 12. 107-117, 219 
alkali bee vs. alfalfa leafcutting bee, 114 
almond, 18, 35, 57, 90, 148, 155, 219 
apple, 35,55,96,98 
blueberry, 11-12, 57 
canola, 75, 118, 186-189, 192. 195-197, 
204, 211f, 211-213 
Centaurea solstitialis. See pollination of, 
star-thistle, yellow 
coffee, 15-16, 19 
cranberry, 12, 187, 199 
cucumber, 36, 174 
Cytisus scoparins, 171-172 
Gompholobium huegelli, 152 
gorse, 172 
grapefruit, 15-16 
Lantana camara, 171 
Lunicera japonica, 172 
Lupinus arboreus, 171 
Lythrum salicaria, 173-174, 177 
macadamia, 16-17 


melon, 35, 85, 114t, 118, 185, 219 
native plants and effects of invasive 
weeds, 175,178 
pear, 35 
pepper, 36-39 
squash, 174 
strawberry, 12, 28, 85 
star-thistle, yellow, 171, 174 
sunflower, 12, 15 
tomato, 13, 37, 55, 158-159, 219 
tree fruits, 51 

Ulex europeans. See pollination of, gorse 
watermelon, 11,15,19,20,36, 

40, 85 

weeds, 166, 168-173, 177-178 
zucchini, 36, 40-41 
pollinator biocontrol vector 
technology, 65-75 
using bees, 65-75 
dispenser designs, 72-74 
in greenhouses, 69-71 
for insect pests, 68-71 
for plant pathogens, 67-68 
safety, 71, 74-75 
pollinator dependency factor, 28t 
pollinators 

displacement of, 150, 152-153, 156, 159 
exotic, 157-159 
guilds, 52,54-56,58-61 
management, 60, 83 
needs of, 7-9 

services, 10-21, 151. 167-168,171, 175, 
205, 221 

status of. 167, 220 
stewardship of, 51, 55, 59, 61 
polycarbonate, 30 
polyethylene, 30 
Polygonaceae, 50t 
polylecty, 5 

polyvinylchloride (PVC), 30, 109 
population density, of plants, 167f, 168, 198 
portfolio effect, 18 
predator, 16, 20, 35, 59-60 
prenesting period, 86f, 86-88, 94-95, 98 
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prepupae, ( see also diapause) 
development of, 89-90,109 
dormancy in, 85-86, 88-89, 92. 110-113, 
135 

prewintering period, 86f, 86, 91-93. 96-97 
probiotics. 125 
protease inhibitors, 208-209 
protozoa, 127t, 128, 134 
Pseudomasaris vespoides. See pollen wasp 
Pseudomonasfluorescens, 68, 75 

queen excluder, 134 

raspberry, 67 (see also pollination of) 
rehabilitation of rangeland/wildland, 49-50, 
50t, 61 

reproductive success 

of alfalfa leafcutting bees, 117 
of alkali bees, 115 
ofbees, 8, 158 
of Bombus occidentals, 149 
of Cytisus scoparius, 171-172 
of Osmia, 94 
of plants, 150, 167 
respiration rate, 89-93,97-98 
restoration 

on/near farmland, 21,213 
plant communities, 52,178 
rangeland, 53f 
of sage grouse habitat, 50 
seed. 50-51.61 

safety 

of genetically modified plants, 184, 
203-215 

of introduction of exotic bee 
species, 145-159 

of pesticides to bees, 16f, 115, 117, 215 
of pollinator biocontrol vector 

technology, 65-66, 71-72. 74-75 
sagebrush, 48 
sage grouse, 48, 50 
Sapyga pumila, 116 

second generation. See voltinism, multi 


seed 

certification, 51, 106. 106t 
collection, 51 
mixes. 49, 61 

production, 41, 56, 75,117, 177-178 
set, 12. 36, 38-39, 52, 56, 75, 98,117, 153, 
187-194. 211f, 211-212, 215 
self-pollination. See pollination, self- 
Selliera, 156 
sex ratio, 5, 111, 114t 
soil requirements, 109 
Solanaceae, 28, 37-38, 69. 71, 158 
source identified class, 51,59 
southeastern blueberry bee. See bee species, 
southeastern blueberry 
Sphaeralcea 
ambigua, 50 
grossularifolia, 50t 
m unroana, 50t 
Spiroplasma sp. 126t 
spore, 207 

fungal. 127-128, 133,135-136, 136f 
vector, 65, 72-73 
squash bee. See bee species, squash 
star-thistle, yellow, 156 (see also 
pollination of) 

stingless bees. See bee species, stingless 
stone brood. See disease, ofbees 
strawberry, 28, 29t, 37t (see also 
pollination of) 

and biocontrol of pests, 67-68, 72, 74 
Streptococcus pluton. See disease, ofbees 
sublethal effects 

of genetically modified plants, 214, 214f 
of pesticides on bees, 117,206 
sugar 

fructose. 28, 29t, 29, 38-39 
glucose, 28, 29t, 29, 38-39 
raffinose, 28, 29t 
stachyose, 28, 29t 
sucrose, 28, 29t, 38-40 
sunflower, 17, 20, 59 (see also pollination of) 
and biocontrol of pests, 68-69 
sweat bee. See bee species, sweat 
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synchrony 

asynchrony, 114, 114t 

of bloom and pollinator activity, 96, 98,112 

tarnished plant bug, 69-71, 70f 
temperature 

and bee survival, 33 

and brood. 32,71.88-98.109-110 

on crops, 106-107 

on diseases of bees, 127-128, 132f, 133 
and foraging behavior, 32, 36, 40 
in greenhouses, 32-33 
and management of stored bees, 84, 86-87, 
114t 

and pollen and nectar production, 32, 39 
threatened plants, 52 
thrips, 70f, 71 

tomato, 15, 28t. 28, 30-33, 37t, 37-38, 

71,158-159. 185, 219 (see also 
pollination of) 
tracheal mite, 131,219 
Trialeurodes vaporariorum. See whitefly 
Trlchoderma 

biocontrol of gray mold, 68, 71, 75 
biocontrol of Sclerotlnla, 68 
safety towards bees, 71 
Trlchodes ornatus, 116 
Trifolium pratense, 153, 174 

Ulocladium atruin, 68 
ultraviolet 

absorbing plastics, 31f, 31 
blocking plastic films, 27, 30 
light. 30 
transmission, 30 

Vaccinium ashei. See pollination of, blueberry 
Varroa, 10 

biological control of, 72 
as a disease vector, 133 


impact on honey beekeeping, 10, 118, 124, 
219 

pesticide resistance, 10, 131 
Varroa destructor. See Varroa 
vector technology. See pollinator biocontrol 
vector technology 

viruses 

for biocontrol, 65,68,125 
as pathogens of bees, 115,124, 126-127t, 
133 (see also disease, of bees) 
visitation (to flowers by bees) 
frequency. 29 
rate, 149, 152. 171, 176 
voltinism 

multi, 97. 109. Ill, 116 
parsi, 86 
semi, 86 
uni, 85-86, 86f 

wasps as different from bees, 5 
watermelon, 28t, 28, 29t, 37t, 39-40, 42 
(see also pollination of) 

weeds 

floral rewards and resources, 173-174, 
176,178 

impact on pollinators, 166-168,173-175, 
178, 210-213 

and nesting habitat, 174-175, 178 
and native plants, 175-178 
western flower thrips. (See thrips) 
whitefly, 71 

winter period, 19, 57, 84-87, 89, 

91-98. 109-111. 113,116, 

135 

Wyethia, 60 
Xylocopinae, 6 

zucchini, 28t, 28, 29t, 30, 36, 37t (see also 
pollination of) 



